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protons have been studied. 


in 40Ca, 


Introduction 


§1. 
The analysis of gamma rays from the ex- 
cited states of nuclei gives valuable informa- 
tions on the properties of nuclei. Detailed 
: investigations have been carried out for many 
- nuclear levels following the decays of radioac- 
tive nuclides and for nuclear levels of nuclides 
| formed by proton or neutron capture. Com- 
pared to these investigations, excitations of 
-muclear levels by the inelastic scattering of 
protons has the advantage that it can be ap- 
) plied for most of the nuclei and is especially 
suitable for studying relatively lower levels. 
- Gamma rays resulting from inelastic scatter- 
ing of protons have been studied only for few 
elements at relatively low proton energies. 
_ We have investigated the gamma rays due to 
inelastic scattering of protons using proton 
energies up to 5.7 MeV for some light ele- 
ments”. In this paper, we shall report the 
results of similar investigations in which we 
employ 10 and 14 MeV protons in an attempt 
to observe gamma rays from higher excited 
states. In this case, however, due to higher 
- proton energies, gamma rays following (p, n), 
(p, a)--+ reactions pile up upon those due to 
inelastic scattering for most elements. 

For C, O, Mg, Si and Ca, the gamma ray 
spectra could be resolved and identified for the 
most part as coming from various levels ex- 
cited by the inelastic scattering of protons. 
For the other elements investigated (Al, Ti, 
Cr, Fe, Ni, Cu, Ag, Cd, Sn, Pt, Au and Pb) 
the spectra could not be fully resolved. In 
these cases, a survey on the energy spectra 
was made including higher energy spectra 


following capture of protons. , 3 
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Gamma ray spectra and intensities from C, O, Mg, Al, Si, Ca, eee: 
Fe, Ni, Cu, Ag, Cd, Sn, Pt, Au and Pb bombarded by 10 and 14 MeV 


For C, O, Mg, Si and Ca, most of the gamma rays could be attributed 
to the inelastic scattering. New levels at 7.08 and 8.13 MeV are suggested 


§ 2. 

The proton beam from 63 in. variable energy 
cyclotron of the Institute for Nuclear Study 
of the University of Tokyo was used. The 
general arrangements are shown in Fig. 1. 


Experimental Arrangements 


Cyclotron 


3 Crystal 
‘Spectrometer 


M 
Beam Collector 


Fig. 1. T. Wakatsuk: etc. 

To avoid background due to neutrons, the 
protons were collimated to a narrow beam by 
slits Si: (6mmx6mm), S: (7mm width) and 
Ss (7mm _ height) in the cyclotoron room so 
that no proton hit the wall of the beam duct. 
S. is a slit 6mm wide and 10mm high in 
front of the target. All those slits were made 
of graphite and a lead block of 10cm thick- 
ness with a hole of size 8mmx12mm was 
placed just behind the slit S, to absorb the 
gamma rays emitted from graphite along the 
beam duct. The targets used were all thin 
foils and protons after traversing the target 
were collected in a Faraday cup placed 2.7m 
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away from the target and measured by a 
current integrater. The size of the beam, as 
measured by colouration of a glass plate at 
the position of the target, was 2mm in width 
and 14mm in height. The target, detecter and 
Faraday cup were shielded by surrounding 
with concrete blocks as shown in Fig. 1. 

The detectors for gamma rays were single 
crystal spectrometer with Nal(T1) 3in. in 
diameter and length, and a three crystal scin- 
tillation pair spectrometer with a center crys- 
tal of 14 in. diameter and 4in. long. The side 
crystals were 3in. in diameter and length. 
The gamma ray to the three crystal pair 
spectrometer was collimated by a lead block 
with a hole 2.5cm in diameter and 10cm in 
length. Scintillation crystals were shielded 
by 10 cm thick lead blocks. The distance from 
the target to the surface of the scintillation 
crystal was 12cm for the single crystal spec- 
trometer and 18cm for the center crystal of 
three crystal spectrometer. The pulse heights 
were recorded by a 20 channel pulse height 
analyzer. 
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Fig. 2. Calculated efficiency of the three crystal 
spectrometer for the gamma ray incident on the 
center crystal surface. 


To determine the cross sections we used 
a calculated efficiency curve for our three 
crystal spectrometer shown in Fig. 2. The 
absolute value was normalized at 4.43 MeV 
gamma rays produced by "C(, p’r) reaction 
at proton energy of 14 MeV for which inelastic 
cross section has been determined by Peelle at 
14.0 MeV”. For a single crystal spectrometer, 
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efficiency curves obtained by Lazer et al. were? 
utilized®. The spectrometer was calibrated | 
for gamma ray energies by °’Co(1.17 and 1.33} 
MeV). ThC’(2.62 MeV) and "C(p, p’r) (4.43) 
MeV). The energy resolution of our three» 
crystal spectrometer was 13.8% at 2.62 MeV } 
and 9.7% at 4.43 MeV. The resolution of the’ 
single crystal spectrometer was 6.3% at 2.62 | 
MeV. 


§3. Results and Discussions 
Dvie 

Three crystal pair spectra of gamma rays 
from polyethylene target 4.3 mg/cm? thick 
bombarded by 14 and 10MeV protons are 
shown in Fig. 3 and Fig. 4, respectively. Be- 
sides the intense 4.43 MeV gamma ray from 
the first excited state of “C, there appear 


(CHe)n+p 
Ep=!4MeV 
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Fig. 3. T. Wakatsuki etc. 


weaker gamma rays of energy between 6 and 
8 MeV. The ratio of the intensity to that of 
4.43 MeV is about 1/300 for both 14 and 10 
MeV protons considering the detector effici- 
ency. The second excited state of “C at 
7.66 MeV has been investigated by authors” 
and its spin is assigned as 0+, which decays 
to *Be and a@ particle and no ground state 
gamma transition can be expected. From the 
above value of the ratio of gamma rayS we 
may calculate the upper limit of Tyfl” for 
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7.66 MeV level if the ratio of cross sections 
for inelastic scattering leading to 7.66 and 
4.43 MeV level is known. As the cross sec- 
tions for 14.0 MeV protons are not available, 
we used the cross sections at 16.7 MeV and 
obtained the result 7’,/"<10%. The value of 
upper limit 10% is consistent 1.49% obtained 
iby Moak et al.» 


(CH2)n+ p 
Ep=lOMeV 
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Fig. 4. T. Wakatsuki etc. 


To see if the gamma rays between 6 and 
“38 MeV comes from the capture of protons by 
22C, we measured the gamma ray spectra 
under similar conditions using 5.5 MeV protons 
from 44in. cyclotron at Osaka University. 
“Though the capture gamma rays are expected 
‘to increase compared to 4.43 MeV inelastic 
gamma rays at lower bombarding energies, 
‘the intensity of higher energy gamma ray 
was observed not to exceed the intensity 
(compared to 4.43 MeV gamma rays) at proton 


“energy of 14MeV. Therefore, the origins of 


the higher energy gamma rays at 6~8 MeV 


-observed in the present experiment are per- 


haps “C(p, p’r) reaction but some part may 
be the results of “C(p, m7) reaction and pile 
up of 4.43 MeV gamma rays. 
a) -O 

Self supporting film of polyvinylacetate 
—CH.CH(O:CO-DH:)— 2.8 mg/cm? thick was 
-bombarded by 14 and 10 MeV protons. Three 
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crystal pair spectra are shown in Fig. 5 and 
Fig. 6. Besides 4.43 MeV gamma rays from 
“C, intense gamma rays from the excited 
States of °O at 6.13, 6.19 and 7.10 MeV were 
observed for both proton energies. Moreover, 
for proton energy of 14 MeV, 8.87 and 5.65 
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Fig. 6. T. Wakatsuki etc. 
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MeV gamma rays were observed. The former 
comes from 8.87MeV_ state of '*O and the 
latter, not observed for proton energy of 10 
MeV and observed also from SiO: bombarded 
by 14MeV protons (Fig. 9) can be interpreted 
as cascade gamma ray from higher excited 
state of *O. As the excited state of '*O higher 
than 7.15 MeV with even spin and even parity 
or odd spin and odd parity can break up into 
12C and alpha particle, the origin for 5.65 MeV 
gamma ray is supposed to be higher excited 


state of '*O with spin and parity of 0-, 1t,. 


2-,--+. Excited state which fulfil these condi- 
tion is 12.51 MeV 2- level and the 5.65 MeV 
gamma ray observed by us can be interpreted 
as cascade gamma ray (of 5.60 MeV energy) 
from this state to 6.91 MeV 2* state. 

The Q value for the reaction ‘*O( p, w)"N is 
—5.208 MeV but no levels are reported be- 
tween 3.56 MeV and 6.38MeV in "N. The 
threshold energy of protons for ‘*O( p, ”)!*F 
reaction is 17.8 MeV and the reaction with ’O 
or 8O are believed not to contribute to the 
spectrum owing to very small abundances. 
Therefore unless the level is observed at 
5.6 MeV in "N, the gamma ray of 5.6 MeV 
energy must be attributed to the transition 
between levels in **O as mentioned above. 


3) Mg 
A gamma ray spectrum from magnesium 
target 1 mg/cm? thick bombarded by 14 MeV 
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protons is shown in Fig. 7. Q values for 
24Mo(p, n)*Al, *Mg(p, m)*Al and *Mg(p, ny 
26A] are —14.8, —5.02 and —4.5 MeV, respec- 
tively. Q values for **Mg(p, a)?!Na, *Mg(p, 
a)Na and *Mg(p, a)?*Na are —6.880, —3.161, 
—1.848 MeV, respectively. @ values for 
“Mg p, @)!Na, *Mg(p,a)Na and *Mg(p, 
a)=Na are —6.880, —3.161 and —1.848 MeV, 


Mg+ p 
Ep=l4MeV 
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Fig. 7. T. Wakatsuki etc. 


Table I. 
y-ray Energy | Degree of E ; : Spor 
MeV) Cacainty Possible Origin 
Lod a 24Mg(1st>g) 
eZ a *®Mg(1st>g), 2Mg(3rd—>g) 
DI Cc *4Mg(9.5->7.4), 24Mg(8.5-6.4), 22Na(2.22—¢), 23Na(2.64->0.44) 
2h a *4Mg(2nd- 1st), 23Na(2.71-g) 
3.9 a 24Mg(5.24— 1st), 25A1(3.85-g) 
4.25 a *4Mg(3rd>g), *Mg(9.5->5.25; 8.54.24), 25A1(4.22>¢) 
4.7 a *4Mg(6.0-1.37), 4Mg(9.5>4.8; 11.56.9; 10.56.0), 28Na(4.78>g) 
BES b *4Mg(5.24>g¢; 9.54.12), 2A1(5.30>g) 
6.3 *4Mg(6.4>g; 10.5>4.12 or 4.24: 11. : 26 
5 Fi NEC 30 55.25), 26A1(6.80->0.418) 
7.0 b 24Mg(9.5->1.37), 26A1(7.20->0.228), 23Na(7.2>g) 
5 a 4M g(7.4>¢2) 
7.9 | a 24Mg(9.5>1.37) 
8.6 | b 24Mg(8.5>¢) 
9.4 b 4Mg(9.5>¢) 
10 b *4Mg(10.5>g; 11.5-+1.37) 
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respectively. Matsuda, Oda and others meas- 
ured energy spectra of scattered protons from 
magnesium using 14MeV protons”. They 
have found scattered protons from 1.37, 4.2 
(4.12, 4.24), 5.24, 6.0, 7.4, 8.5 and 9.5 MeV 
levels of *{Mg. Considering these results and 
@ values for (p,m) and (p,q) reactions as 
well as the previous works with magnesium» 
the probable origins of gamma rays have been 
ascribed as shown in Table I. Fig. 8 shows 
the level scheme of **Mg and the gamma rays 
observed in our work. 


b 
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a) Si 

A thin target of SiO. of 1.5 mg/cm? in thick- 
ness was used. The Q values of (p, 7) and 
(p, d) reactions for Si and *O are negative 
and larger than about 14MeV. For (pf, a) 
reactions, these values are —7.71 and —5.20 
MeV for ?8Si and ‘0, respectively. But con- 
sidering barrier penetrabilities, high energy 


COUNTS PER 100 p COULOMB 


24g 2 3 4 5 O77. Sane to 6tt) 612 Mev 
Fig. 8. T. Wakatsuki etc. Fig. 9. T. Wakatsuki etc. 
Table II. 
far eve aia ie Possible Origin aa a te sien oe 
1.72 a 28Si(1st > g) 
1.96 c 20Si(2nd>g) 
(ely) © 30Si(1st>g) 
2.74 a 28Si(2nd—> 1st) 
3.20 b 28Si(3rd— 1st) 
Bathe b 30Si(3rd—>g), 78Si(8.3>4.6) 
4,14 b 28Si(8.6 4.6), 29Si(6.10—2.03) 
4.54 a 28Si(2nd>g) 
5.10 a 28Si(3rd>g) 
BAGS a 16Q(12.51->6.91) 
6.13 a 16O(2nd— g) 
7.0 a 16QO(3rd—>g), (4th>g) 
8.44 a 28Si(8.3>g) 8.28+0.04 
8.89 b 28Si(8.6>g) 8.75+0.04 
9.41 c 28Si(9.3g) | 9.45+0.08 
10.8 b 28Si(10.03(10.7)>g) 10mm Os? 
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gamma rays from these reactions are con- 
sidered to be less intense than from the (, p’) 
reactions. 

The Q values for ?°Si(p, 2), (pf, d) and (p, @) 
reactions are —5.75, —6.25 and —4.82 MeV, 
respectively. These values for *°Si are —5.05, 
—8.3 and —2.38MeV, respectively. These 
reactions may occur, but the gamma ray 
intensities from these reactions may be also 
weaker than from inelastic scattering by 78Si, 
29Si and °°Si even in the low energy region, 
considering the abundance ratio and barrier 
penetrabilities. 

Fig. 9 shows the gamma ray spectrum ob- 
served with the three crystal spectrometer 
when the SiO. target was bombarded by 14 
MeV protons. The energies of the gamma 
rays were determined from this spectrum and 
other spectrum of single crystal spectrometer. 
These results were listed in Table II. Bent 
et al.» measured the gamma ray energies 
from *’Al(d, nv) *8Si reaction with a magnetic 
pair spectrometer. These results agree fairly 
well with the present results for the gamma 
rays above 8MeV. But we can not compare 
the lower energy gamma rays, because of the 
presence of intense 6 and 7 MeV gamma rays 
from '*O(p, p’r) reaction. Fig. 10 shows the 
decay scheme of 78Si. 

5) Ea 

For calcium targets, we used two metalic 
calcium foil targets of different thickness, one 
of which was 0.8mg/cm? and the other was 
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Fig. 10. T. Wakatsuki etc. 
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2.0 mg/cm? in thickness, in order to estimate 
the effect of oxygen impurity on the surface 
of the foil. This effect could not be observed. 
The isotopic abundance of “Ca is 97% and 
that of **Cais 2%. The Q values of *°Ca(p, 
n) and (p, d) reactions are also negative and 
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Fig. 12. T. Wakatsuki etc. 
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Table III. 


y-ray Energy (MeV) 


' ite ms -| Rearee es Possible Origin 
om eV | Eyp=14 MeV | Mean Value ions 
L 2.09 2.09 | 5 | 4Ca(6.03>3.90) 
2.57 2.60 2.59 | ‘ | 49Ca(6.0353.35: 7.09->4.48) 
3.73 Mees 3.73 | _ 0Ca(3.73->g) , 
3.90 3.90 3.90 (not resolved) | 40Ca(3.90->g) 
4,90 4.48 4.70 5 | Ca(4:48->g) 
5.35 5.27 5.31 | a | 40Ca(5.27->g) 
6.08 6.14 6.11 | a | 40Ca(6.03->g) 
7.06 7.09 7.08 | a | 4Ca(7.08->g) 
8.15 8.11 8.13 a | 


40Ca(8.13>g) 


larger than about 14MeV. But the Q values 

| of *°Ca(p, a), **Ca(p, 2), (p, d) and (p, @) reac- 

: tions are —5.2, —3.65, —9 and —1 MeV, res- 

_pectively. It may be considered that the 

gamma rays from these reactions as weil as 
“4Ca(p, p’y) reaction overlap on to the low 
energy gamma ray spectrum from ‘°Ca(/, p’) 
reaction. 

Fig. 11 and Fig. 12 show the gamma ray 
spectra observed with the three crystal pair 
spectrometer when the calcium targets of 
0.8 mg/cm? and 2.0 mg/cm? in thicknesses were 
bombarded by 14MeV and 10 MeV protons, 
respectively. The energies of observed gam- 
rays were listed in Table III. 

By tne magnetic analysis of inelastic scat- 
tering of 6 to 8MeV protons by ‘Ca, the 
-level energies have been determined up to 
6MeV. The levels above 9 MeV have been 
studied by *°K(p, 7) reaction®. But any infor- 
mation for. levels in the region from 6 to 9 
MeV have not been reported. The gamma 
rays observed in the present work in the 
energy range from 2.09 to 6.11 MeV can be oe 
expected from the results of the magnetic 

-analysis of the inelastic scattering. But two 


gamma rays of 7.08 and 8.13 MeV are both . 
newly found gamma rays and can not be ex- MeV level in *°Ca by the observation of a 


plained as cascade gamma rays between well particle groups from the inelastic scattering 
established states. It is also impossible to of 43MeV a@ particles. This level may be 
consider that these gamma rays result from the same one as the 8.13 MeV level above 
other reactions or ##Ca, considering the inten- mentioned. Fig. 13 shows the levels and 
sites of both gamma ray spectra by 14 and samma rays in *°Ca. 

10 MeV protons, Q values, barrier penetrabi- 6) Other elements 

lities and abundance. We concluded, there- A survey was made on the energy spectra 
fore, that *°Ca have the levels at 7.08 and of gamma rays from natural Al, Ti, Cr, Fe, 
these two gamma rays are of the direct Ni, Cu, Ag, Cd, Sn, Pt, Au and Pb bombarded 
ground state trasitions. Shook’ reports a 8.4 by 14MeV protons. The targets used were 


Fig. 13. T. Wakatsuki etc. 
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thin metal foils and most measurements were 
made with the single crystal spectrometer. 
In the cases of Al, Cu, Sn, Pt and Pb, these 
gamma ray energy spectra were also meas- 
ured with the three crystal spectrometer. 
The proton energy of 14 MeV is larger than 
the threshold energy for (,) reactions of 
these targets. (p, pn), (p, 2m) and (p, a) reac- 
tions are also possible for some nuclei, but 
proton energy of 14MeV is not sufficiently 
higher than the threshold of (p, pm) and (p, 
2n) reactions for most of these elements. 


Ep=14 MeV 
Single Crystal Spectra 


9S, 


intensity 


Oo, 


Relative 
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te) S 10 


15 MeV 
Fig. 14. T. Wakatsuki etc. 
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Therefore the gamma rays following (p, pm), | 
(p,2n) and (p, a) reactions may be weaker | 
than the gamma rays following (), p’) and | 
(p, n) reactions for most of these elements. | 

Neutrons arising from (p,7), (p, pn) and | 
(p, 2n) reactions in the targets pass through | 
the Nal (T1) scintillation crystal, and gamma 
rays following neutron nonelastic scattering in| 
scintillation crystal and neighboring matters 
overlap on the gamma ray spectra. But the 
intensities of gamma rays following neutron - 
scattering are estimated to be weaker than 
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Fig. 15. T. Wakatsuki etc. 
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10% of the gamma rays from the targets. 

The single crystal spectra and the three 
crystal spectra of the gamma rays from 14 
MeV proton bombardments of several targets 
are shown in Fig. 14, 15 and 16, respectively. 

For the gamma ray spectra of Al, many 
peaks were observed and the origin of 1.37 
MeV, 2.21 MeV and 3.0 MeV gamma ray may 
be assigned to (3rd—1st), (8rd—gnd) and (5th 
or 6th—gnd) transitions, respectively. 


Mg Ep=l4 MeV 
Three Crystal Spectra 
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Fig. 16. T. Wakatsuki etc. 


For Ti, Cr, Fe, Ni, Cu, Ag, Cd, Sn, Pt, Au 
and Pb, gamma ray spectra are almost con- 
tinuous, but gamma rays from the Ist excited 
states of “Ti, **Cr, and **Ni could be resolved 
and broad peaks were observed at about 7 MeV 
and 13 MeV for some elements. 


Gamma Rays from Proton Bombardments 
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Almost all the intense gamma rays up to 
about 8 MeV may be the gamma rays follow- 
ing (p, p’) and (p, ”) reactions for most ele- 
ments. As shown in Fig. 14, 15 and 16, the 
declivity of the gamma ray spectra up to 
about 8 MeV increases with atomic number. 
This behavior of gamma ray spectra is reason- 
able since the level densities of the residual 
states for gamma ray emissions increase with 
the atomic numbers. 

The gamma ray intensities decrease sud- 
denly at about 8 MeV, and the intensity ratios 
of about 1 MeV and about 12 MeV gamma rays 
are about 10°: 1, correcting for the detector 
efficiency. The counting rates were kept low, 
so that the pile up pulses of 10-14 MeV re- 
gion were weaker than 10% of the true 
counts. The gamma rays of energy larger 
than 12 MeV are believed to be due to (fp, 7) 
reactions. 

Cohen and his co-workers’ have reported 
strong peaks at about 2.5 MeV in energy dis- 
tributions of protons resulting from inelastic 
scattering of 12.5-23 MeV protons by various 
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medium weignt and heavy nuclei. In this 
experiments, no peaks were observed at about 
2.5MeV on the gamma ray spectra for 14 
MeV proton bombardments of various nuclei. 

The yields of 3MeV, 5MeV and 8 MeV 
gamma rays for 14 MeV proton bombardments 
of Mg, Al, Cu, Sn, Pt and Pb are calculated 
from the three crystal spectra and are shown 
mba Osher, BLY 

The yields of 3MeV and 5MeV gamma 
rays and yield ratios of 3MeV gamma rays 
to 5MeV and to 8MeV gamma rays increase 
with the atomic numbers. These behaviors 
of the gamma ray yields are also reasonable 
considering the increase of level densities with 
atomic numbers and excitation energies. 


The authors wish to thanks cyclotron crew 
of the Institute for Nuclear Study for the 
operation of the cyclotron and for kind assis- 
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Elastic and Inelastic Scattering of Protons from 
Nickel Isotopes; Ni® and Ni®, in the Energy 
Range from 7.0 MeV to 15.3 MeV 
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Angular and energy dependence of the elastic and the inelastic scatter- 
ing of protons from nickel isotopes, Ni5* and Ni%, were investigated in 
the energy range from 7.0 MeV to 15.3MeV. Angular distributions in 
the high energy region (H,>10 MeV) showed small difference between 


both isotopes. 


Energy dependence of the differential cross sections in 


the low energy region (7 MeV < Ey <9 MeV) showed some fluctuations 
both for the elastic and the inelastic scattering. The inelastic yield for 
Ni 5° was larger than that for Ni® in the low energy region (H,<9 MeV). 
These yields decreased gradually as the incident energy increased. The 
results of present work are compared with our previous one and with 
the investigations of Thirion et al., Greenlees et al., and Seward. 


Introduction 


§1. 

The angular distribution for inelastic scat- 
tering of protons leaving the target nucleus 
to a definite excited state of medium weight 
nuclei (A>40) was investigated by Schrank, 


-Gugelot and Dayton’, who bombarded the 


natural iron target by protons of 17 MeV. 
Sherr” also reported the result of the angular 
correlation measurements for Fe. These re- 


' sults obtained at Princeton suggested the so- 


called “direct process” for the mechanism of 
inelastic scattering of protons leaving the 
target nucleus to the lowlying excited state. 
Experiments with separated isotopes have 
been done by several authors at proton ener- 
gies of about 10MeV. Hintz et al.*) used 
Fe, Fe*, Cu®, Ni®® and Zn**, Thirion et al.’ 


~ used Zn*‘, Zn®* and Zn**, Greenlees and Rolph® 


used Ni®* as targets.**** At lower incident 
energies, Seward) investigated the angular 
distribution of inelastic protons from Ti and 


* Institute for Nuclear Study, University of 
Tokyo. 

** Department of Physics, Yokohama National 
University. 

** Department of Physics, Tokyo Institute of 
Technology. 
#0 We must also mention the works of B. L. 
Cohen and his colaborators,? and experiments of 
the inelastic scattering of alpha particles.*) 


Cr, the angular correlation between protons 
and de-exitation gamma rays from Cr, and 
the energy dependence of the cross section 
of inelastic scattering at 90° from Ti, Crand 
Fe. We?!” investigated the angular depen- 
dence of elastic and the inelastic scattering 
for the medium weight nuclei (Ti, Cr, Fe, 
Ni and Zn) with their natural isotopic abun- 
dances at several incident energies of pro- 
tons from 8 MeV to 14MeV. The results of 
our previous work led us to a similar inves- 
tigation with separated isotropes. The work 
reported here is very similar to the recent 
measurement done by Greenlees and Rolph. 
Both nuclei, Ni5® and Ni®*, however, were in- 
vestigated in a wider energy range of incident 
protons. 


§2. Experimental 


Proton beam was obtained from the INS 
(Tokyo) variable energy cyclotron.” The 
beam focusing system and the scattering 
chamber used in this experiment were de- 
scribed elsewhere.®1.!2) However, the ex- 
perimental procedure was different from the 
previous works in the following point. We 
used fifteen scintilation counters at the same 
time, which were attached to the side win- 
dows of the large scattering chamber. Seven- 
teen windows open at each ten degrees from 
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10° to 170° on one half of the side wall of 
the chamber, and sixteen from —15° to —165° 
on the other half of the wall. 

The foil targets of separated nickel isotope 
which were obtained from A.E.R.E. (Har- 
well), were set at the centre of the scatter- 
ing chamber making an angle of 45° to the 
incident beam. The angles of detection in 
the laboratory system were 25°, 30°, 40°, 50°, 
60°" 70° (80°; 90°. 105°) 115. eizo lo 
145°, 155° and 165°. High voltage was fed 
always to each counter and the signals from 
each counter were always sent to the measur- 
ing room through a cathode follower and co- 
axial cable. We used five sets of linear 
amplifiers and multi-channel pulse height an- 
alysers; thus we could measure the yields at 
five angles simultaneously. When we intro- 
duced the signal from another five counters 
to the five sets of electronics, we could 
measure the yields at the next five angles. 
For the investigation of energy dependence 
we could measured the yields at 30°, 60°, 90° 
125° and 165°, at the same time. For the 
investigation of the angular dependence, we 
always measured the yield at 90° as the 
monitor of the system. Only four sets of 
such measurements gave us the angular de- 
pendence at one incident energy. This 
method gave us very reliable data on the 
angular distribution especially at the region 
region where the yields change remarkably 
with the incident energy. The solid angles 
subtended by the detectors at the forward 
angles were made smaller than those by 
other counters, as the diameters of the defin- 
ing apertures, which were 505 mm apart from 
the centre, were 3mm, 5mm, and 10mm at 
25°, 30°-50° and 60°-165° respectively. These 
different solid angles made the counts from 
each counter to be of the same order. The 
slit edge effect and the correction for the 
multiple scattering, however, were neglected 
in the analysis of the data. 

The thicknesses of the foils of Ni®® and 
Ni® were informed by A.E.R.E. to be 2.62 
mg/cm? and 2.42 mg/cm?, respectively. We 
used these values for the determination of the 
absolute cross sections. From the observed 
cross sections at 14.3 MeV for both isotopes, 
we calculated the average cross sections of 
the elastic scattering and the inelastic scatter- 
ing, corresponding to the 


natural nickel 
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element; 1/4-{3(da/d2) wi58+ (do/d2) x6}, and 
compared these values with our previous 
data... The agreement was fairly good as 
shown in Fig. l(a) and (b), the errors being 
about 5%. 


Elastic Scattering from Ni 
°14,) Mev Ni natural target (March,!95) 


x14.3Mev Ni natural target (June, 1958) 
14,4 Mev weighted mean cross section 
d. 


10° fa tata an 
(July, 1959) 


3 


(dedQ)om, mb/sterad. 


aS 
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Fig. l(a). Comparison among the results of the 
elastic scattering from Ni in our laboratory. 
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Fig. l(b). Comparison among the results of the 


inelastic scatteriag from Ni in our laboratory. 
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The energy spread of the cyclotron beam but in other cases it would be near 1%. 
cannot be precisely determined. This spread 
was not always constant during a long run, $3- Results 


and in some cases it would be about 0.5% Fig. 2 shows the angular distribution of 
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the elastic scattering at 15.3MeV, 14.3 MeV, 
10 MeV and 8.1 MeV. The angular distribu- 
tions from these two isotopes are similar. Es- 
pecially at forward angles, the cross sections 
agree with each other within the experimen- 
tal errors at four incident energies. The 
cross sections for both isotopes at large an- 
gles (>60°) differ a little from each other 
over the whole range of the incident energy. 
Errors of the absolute values of elastic cross 
sections appear to be less than 10% as men- 
tioned above. 


2.0 
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(da/d.Q lem/(do/d.2 Rutherford 


8.0 9.0 
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Fig. 3 shows the angular distribution of the | 
In some cases, the an- | 


gular distribution of inelastic scattering differ | 


inelastic scattering. 


between Ni®® and Ni® as follows: 
1) the larger cross sections for Ni°* than 
for Ni®® at 8.1 MeV; 


(Vol. 15, | 


2) the presence of small differences of the 


angular distribution at high incident energies. 


As indicated in the figure, the errors were 


not small at forward angles. 


Fig. 4 and Fig. 5 show the energy depen: © 


dences of the cross sections for Ni®® and Nis 
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Fig. 4(b). Energy dependence of differential cross sections of the inelastic scattering (Q= —1:45MeV) 


from Ni58. 
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respectively. For the elastic scattering, the 
ratio of (da/d2)cm to the cross section of the 
Rutherford scattering is represented on the 
figures. The energy dependence of the in- 
elastic scattering at 0;=30° for Ni® was also 
measured but the experimental errors seem- 
ed too large for the energy dependence to be 
precisely discussed; so we omitted the details 
and showed only the average behavior of the 
30° cross section in the energy range. There 
exist some energy-dependent fluctuations 
both in the elastic and in the inelastic cross 
sections. In some cases, for example, at 9.2 
MeV for Ni*’, the energy dependence in in- 
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Fig. 5(a). Energy dependence of differential cross 
sections of the elastic scattering from Ni®. 
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elastic scattering shows a resonance-like be- 
haviour, which is believed to correspond to 
the anomaly found at 9.3MeV our previous 
work.”* Such an anomaly in the differential 
cross section does not necessarily occur at 
the same incident energy in elastic and in- 
elastic scattering. The energy dependence 
of the inelastic cross section is remarkable at 
forward and at backward angles, while that 
of the elastic cross section is not so remark- 
able at forward angles as at backward angles. 
The energy dependence of the elastic cross 
section is not so remarkable at forward an- 
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Fig. 5(b). Energy dependence of the differential 


cross sections of the inelastic scattering (Q 
=—1.33 MeV) from Ni®. 


9.0 10.0 


Ep — (Mev) 


Fig. 6. Energy dependence of inelastic total cross section for the inelastic scattering (to the first 


excited states). 


7 The discrepancy of resonance energy “between the two experiments is due to the difference of the 


range-energy relations used. We used that of reference 13 previously and used that of reference 14 in 


the present work. 
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gles as at backward angles. The energy de- 
pendence of the elastic cross section at 165° 
for N5§ shows gross structure at a energy 
region larger than 9.6 MeV. The inelastic 
cross sections at more than 60° increase gra- 
dually as the incident energy decreases. 
The cross section for Ni®® fluctuates less than 
that for Ni®*® and the absolute yields of in- 
elastic scattering for Ni®® are less than those 
for Ni*® at the same energy region.of in- 
cident protons. Total inelastic cross sections 
for the first excited state, estimated roughly 
from these values of differential cross sec- 
tions at five angles, are showe in Fig. 6. It 
is to be noted that the energy dependence 
curve is more smooth in the total cross sec- 
tion. 


§ 4. 


1) No analysis by the optical model has 
yet been attempted to fit the present data of 
elastic scattering. The positions of the mini- 
ma and maxima of the diffraction pattern 
seem to change regularly with atomic mass. 
The only exception is in the case of the first 
minimum at 15.3MeV, where the present 
data do not give any definite conclusion, be- 
cause the angular intervals of the observa- 
tion were rather large. 

2) The larger inelastic cross section for 
Ni®®, found in the energy region from 8 MeV, 
in comparison with that for Ni®, may be 
caused by the high threshold energy of the 
Ni’8(p, m)Cu®® reaction, or by the smaller 
level density of Ni®®. The last two factors 
diminish the number of the open channels 
and might make the contribution of the com- 
pound process to the inelastic scattering for 
Ni*® (for the first excited state) more predo- 
minant than for Ni®?®. 

3) Thirion et al. found rather large dif- 
ferences among the inelastic yields for zinc 
isotopes at 11 MeV. The results of our pre- 
vious work with natural elements showed 
that there exist marked differences in the in- 
elastic yield from different nuclide especially 
at forward angles. The results of the pre- 
sent work show that at the high incident 
energy these two particular isotopes of nickel 
give similar yields. We are now attempting 
to measure the cross section at forward an- 
gles more accurately by magnetic analysis. 
Present data cover the region investigated 
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by Greenlees. Our results agree with his 
conclusion but the values of the cross sec- 
tions do not agree with his within the es- 
timated experimental errors. 

4) The differential cross section of inelas- 
tic scattering at 90° increases as the incident 
energy decreases, and that for Ni®® reaches 
about 8 or 10 mb/sterad. near 7MeV. These 
values can be compared to the results obtain- 
ed by Seward, who measured the differential 
cross sections of the similar inelastic scatter- 
ing for Ti, Cr and Fe in energy range from 
3MeV to 7MeV. Thecross sections measur- 
ed by him at 7.0 MeV were about 9 or 10mb 
/sterad. for these medium weight nuclei. 
Moreover, the cross sections obtained at five 
angles in the present work indicate that the 
angular dependence becomes more isotropic 
as the incident energy decreases. So, 
Seward’s results that the angular distributions 
for nuclei of these atomic weights are nearly 
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Fig. 7. In-phase relation between the elastic and 
the inelastic scattering. 
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isotropic below 7.0 MeV, can be smoothly con- 
nected to our results. 

5) The total cross sections depend less on 
the incident energy than the differential cross 
sections do. The decrease of the total cross 
section with increasing energy is more gra- 
dual than that predicted by the theory of 
compound process and statistical level densi- 
ty. We can find some anomalies in the ex- 
citation curves of the total cross section. 
Those at Ey=8.2 MeV and at E»=9.1 MeV 
for Ni** are evident, which correspond to the 
excitation energies of 11.7 MeV and 12.5 MeV 
for Cu®*, respectively. 

6) Fig. 7 shows the angular distributions 


of elastic and inelastic scattering from Ni®*. 


We can see from this figure that there exists 
an “in-phase” relation between them. This 
in-phase relation does not agree with the cal- 
culation proposed by Blair’ for the scatter- 
ing of alpha particles. This inphase relation 
which is found in inelastic scattering leaving 
the target nucleus to the first excited state 
at such a mass number region generally,” 
may be accidentally due to the distortion of 
the proton wave; nevertheless the fact, that 
the angular frequencies of the diffraction pat- 
terns are similar for the elastic and the in- 
elastic scattering, seems to suggest us some 
under-lying similarity between these two 
phenomena. 

The authors thank to Professor S. Kikuchi, 


- who encouraged them through-out their ex- 


periments and gave them many valuable sug- 
gestions during his presidency of our labora- 
tory. Particularly, the design of the scatter- 
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Angular distributions of alpha particles scattered elastically and in- 
elastically (Q=—4.43 MeV) by carbon nucleus were measured with in- 
cident alpha energies of 28.4, 31.0 and 33.6 MeV. 

Angular distributions of inelastic alpha groups corresponding to. Q= 
—7.66 and —9.63 MeV and a broad alpha group with Q~12.7 MeV were 
also obtained at Haw=28.4MeV. The data were compared with Blair’s 
diffraction scattering model and fairly good agreements were obtained 
for both elastic and inelastic (Q=—4.43 MeV) angular distributions for 


forward angles for three energies. 


angles, however, seem to occur from other mechanisms. 


The rises of cross sections at back 


Spin and parity 


assignments were tried for 7.66 and 9.63 MeV levels of carbon. 


Introduction 


Srils 

Angular distributions of elastic scattering 
of alpha particles in the energy range of 20- 
to 50-MeV were widely investigated in recent 
years. Some of the data were analyzed in 
the light of the optical model”.”) especially 
for heavy and intermediate nuclei. 

Elastic scattering by heavy nuclei were 
fairly well fitted also with the semi-classical 
model proposed by J. S. Blair®.“. This simple 
model, however, does not apply well to the 
data obtained with light nuclei as does to 
heavy nuclei. 

On account of short mean free paths of 
alpha particles in the nucleus, several at- 
tempts*’-» were made to fit the data with 
conventional diffraction model taking the 
nucleus to be black. 

These theories described above were all 
based on the assumption that the nuclear 
matter was opaque or black against the alpha 
particles. But this is in contrast with the 
success in fitting the data of inelastic alpha 
scattering with simple direct interaction model, 
in which the incident and final unbound par- 
ticles were assumed to be well represented 
by plane waves®?—!», 

Recently J. S. Blair’? suggested a diffrac- 
tion model to overcome the paradox men- 


* Tokyo Institute of Technology. 
** Faculty of Science, University of Tokyo. 
*s Faculty of Science, Kyushu University. 


tioned above. He extended the diffraction 
theory introduced by S. I. Drozdov*® and E. 
VY. Inopin'*’ to scattering of alpha particles or 
deuterons by “black” nuclei. These theories 
discussed inelastic scattering through either 
excitation of rotational states of ellipsoidally 
deformed nuclei or excitation of quadrupole 
vibrational states introducing either deforma- 
tion parameter 8; or surface tension C; de- 
fined by A. Bohr et al.?*. 

In the present situation, however, it is de- 
sirable to obtain more experimental facts 
which cover wide range of atomic numbers 
of target nuclei and energies of incident alpha 
particles to have a correct understanding of 
the mechanism of elastic and inelastic scat- 
tering of alpha particles by nuclei. Especially, 
the variations of angular distributions with 
the energies of incident alpha particles are 
considered to be the most important factor 
to be investigated. We planned, therefore, 
to measure the angular distributions of elastic 
and inelastic scattering as a function of the 
energy of incident alpha particle around 30 
MeV. 

As the first step of this plan we selected 
carbon as the target because the low lying 
levels of this nucleus are widely spaced and 
it is easy to separate experimentally the 
elastic and inelastic groups one another. 
Angular distributions of elastic and inelastic 
scattering of alpha particles by C' were mea- 
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sured by F. J. Vaughn’ at 48 MeV, by Igo, 
Wegner and Eisberg!” at 40 MeV, by H. J. 
Watters® at 31.5MeV, by Hu, Kato, Oda and 
Takeda” at 22 MeV, and by A. I. Yavin and 
G. W. Farwell® at 40 and 41MeV. All of 
these data show more or less sharp diffraction 
patterns for both elastic and inelastic scat- 
terings, but the patterns are quite different 
in shape and in size as the bombarding energy 
changes. 

In the present experiment, angular distri- 
butions were measured at three values of 
energies of incident alpha particles, 28.4, 31.0 
and 33.6MeV respectively, but more data 
will be taken at many other energies in near 
future. 


§2. Experimental Procedure 


We have made measurements of elastic 
and inelastic scattering of alpha particles by 
carbon with the 160cm INS (Tokyo) variable 
energy cyclotron, from which alpha particles 
of energy from 27 to 43 MeV are obtained. 
Details of the cyclotron and the scattering 
chamber system are reported previously’. 
At the centre of the 100cm scattering cham- 
ber was placed a self-supporting carbon foil 
of 2.38 mg/cm? in thickness, making an angle 
of 45° to the alpha particle beam. The 
target was prepared by the same method as 
that used in the course of C(a, p)N® ex- 
periment!”. Two proportional counter-CsI(T1) 
scintillation counter telescopes 180° apart were 
placed on a turn table in the scattering cham- 
ber. Linearly amplified pulses from  scintil- 
lation counters were gated by those from 
proportional counters which were biased at 
adequate voltages. By this procedure the 
discrimination of alpha particles against singly 
charged particles were performed without 
difficulty. The energies of alpha particles 
incident to the target were measured at the 
end of each energy run using aluminium ab- 
ssorbers and an ionization chamber, and were 
known to be 28.75, 31.30 and 33.90 MeV re- 
spectively. The average energies in the 
target were Ex=28.4, 31.0 and 33.6 MeV, re- 
‘spectively. 

Fig. 1 shows a typical histogram obtained 
at 30° at Ey=28.4 MeV using three 20 channel- 
and two 10 channel pulse height analyzers. 
Widths of elastic peaks at half-maximum were 
3 to 4 per cent for “forward” counter, but 
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they were as broad as 20 to 30 per cent for 
“backward” counter which caught reflected 
particles. 

Elastic angular distributions and inelastic 
angular distributions corresponding to Q= 
—4.43 MeV were measured at all these three 
energies, at angular interval of 1° to 2.5°. 
Angular distributions of inelastic groups cor- 
responding to Q=—7.66 and —9.63 and a 
broad peak around Q=—12.7 MeV were mea- 
sured only at Ea=28.4MeV (owing to the 
limitation of machine time). 


Ea=28.4 MeV 
@(Lab.)= 30° 
Target: Pure Carbon Foll 

2,38 mg/cm* (45' 

—— Scint. Counter only 
----- Prop. Counter -Scint 

olncidence 


@ 
1 


N 


2) 


Counts per volt (10%) 


Oo 


les 
Niel 


°o 
tS 
a 
ie) 
3 
a 


=— Q®-12,7 MeV 


Q=-9.63 MeV 
=-7.66 MeV 


O10 2630" 40.50 60 70 80 90 
‘Pulse Height (Volt) 
Fig. 1. Typical pulse height distribution obtained 


at @1ap=30° and Ha=28.4 MeV with and without 
proportional counter. 


The errors are considered to arise from the 
following sources; i) Inhomogeneity of target 
foil <20%; ii) Beam energy fluctuation <1%; 
But owing to the steepness of diffraction pat- 
tern in angular distributions and to the re- 
markable changes of cross sections with 
energy, a small energy change might influ- 
ence the magnitude of cross sections con- 
siderably; iii) Errors in values of scattering 
angles: <0.15°; iv) Counting loss: at Qjap<30° 
it was necessary to make the beam intensity 
as small as possible, otherwise the loss 
reached as high as 30%. The data shown in 
the figures are expected to have losses of less 
than 5%; v) Statistical errors: concerning the 
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elastic group and inelastic group for Q=—4.43 
MeV, these errors are very small except for 
several angles at which angular distributions 
show steep minima; vi) Background subtrac- 
tion: This source of errors is the most serious 
one in particular at large angles and for in- 
elastic groups corresponding to Q=—7.66, 
—9.63 and =—12.7MeV. Errors from this 
source were estimated to be 10% at most. 


§3. Results and Discussions 


Angular distributions of elastic scattering 
as well as those of inelastic scattering to the 
4,43 MeV state of C'2 were obtained at Ea= 
28.4, 31.0 and 33.6MeV. Because of the 
energy losses of scattered alpha particles in 
the target and in the counter foils, the mea- 
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Fig. 2. Angular distributions of elastic scattering 
and inelastic scattering (Q= —4.43 MeV) obtained 
at three alpha particle energies. 
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surements were limited for backward angles — 
to 110° to 130°. 

Fig. 2 shows the angular distributions for — 
both groups at these three energies. 

Fig. 3 shows the results obtained for the 
groups corresponding to Q=—7.65, —9.76 and 
a broad peak at Q=—12.7MeV at Ea=28.4 
MeV together with the elastic group. 

We now discuss each group separately. 
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Fig. 3. Inelastic angular distributions at Ee 
=28.4MeV leaving the residual nucleus: at 


higher excitations. For comparison, 
angular distribution is also shown. 


elastic 
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As shown in Fig. 2, angular distributions 
of elastic groups at three different energies 
show pronounced diffraction patterns. Ruther- 
ford cross section for Ea=28.4MeV is also 
shown in Fig. 2. The observed cross sections 
are higher than the Rutherford cross sections 
except at very forward angles, and the ratios 
o(A)ops/o(A@)Ruth are especially high at backward 
angles. This behaviour is in contrast with 
the case of heavy elements and in agreement 
with the general trend found by Igo et al.17. 
There appears no systematic shift in diffrac- 
tion patterns with energy, except at extremely 
forward angles (06<40°). At 31.0MeV we 
have not observed the plateau around 60°<@4 
<75° reported by Watters® at 31.5MeV. His 
average energy at the target centre is not 
known because of the uncertainty of the 
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target thickness, and it was probably some- 
what less than our 31.0MeV. The positions 
of maxima and minima of the angular distri- 
butions are nearly equidistant in @ rather 
than in sin (0/2), except for Eu=28.4 MeV, 
where equidistance relation is largely violated 
for @>60°. These angular distributions were 
analyzed in terms of diffraction scattering 
formula. For small 6, absolute differential 
cross sections of elastic scattering are ex- 
pressed by the formula 


do(@) Ji(RRoA) \? 
—— = BP af 
dw , ( RRO ) 

where k=&; is the c.m. wave number of the 
incident particle, Ro is the interaction radius 
between the target nucleus and the incident 
alpha particle, /i(x) is the first order Bessel 
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Fig. 4. Comparison of calculated elastic angular 
distributions based on diffraction model with 
observed ones. 
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function. We took the argument of J,(x) as 
x=kRO instead of x=2kRo sin (6/2) because 
of simplicity and of equidistancy in @ of the 
experimental results as mentioned above. 
Fig. 4 shows the results of the analyses. The 
values of Ro were adjusted so that the best 
fits were obtained with the experimental data, 
at least for the positions of the first and the 
second maxima and minima. Values of Ro 
thus obtained were 


(5.40.1) x 10-8 em for Ee=28.4 MeV 
(5esstee I) Bale) 
GzZ=205)) Es— 3310 


For Eu=31.0 MeV the positions of maxima 
and minima were very well fitted even for 
the fourth maximum. As regards absolute 
values, the observed cross sections were twice 
or three times larger than the calculated ones, 
except at the second maximum for Esz=33.6 
MeV, where they were nearly equal. The 
origin of these discrepancies in absolute 
values are not yet very clear; Coulomb cor- 
rection does not change the situation very 
much except at extreme forward angles*. It 
is interesting to compare the values of Ro 
with those obtained by other authors**. In 
Fig. 5 values of Ry are plotted against Ew 
between 22 and 48 MeV. As can be readily 
seen FR decreases as Ha increases. The reason 
of this fact is not clear at present. 
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Fig. 5. Relations between Ry and Ha for elastic 
scattering of alpha particles by carbon, obtained 
by the diffraction model. Values of Rp are re- 
calculated by the present authors so as to fit 
the positions of experimental first or/and second 
maxima. 


* According to Blair, diffraction scattering and 
Coulomb scattering (with finite nuclear size) are 
out of phase, and both cross sections can be added 
to give differential cross section at each angle. 

*k The values of Ry were recalculated by the 
present authors so as to fit the experimental data 
for the first and/or second maxima. 
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ii) C%(a, a’)\C?*, Q=—4.43 MeV 

As are readily seen in Fig. 2 these angular 
distributions also show pronounced diffraction 
patterns, and they are “out of phase” with 
those of corresponding elastic alphas. This 
indicates, according to Blair’s diffraction 
theory, that the parity of 4.43 MeV state is 
the same as that of the ground state. Really 
the 4.43 MeV state of C2 is known to be 2+. 
Blair predicts the differential cross section 
for (0+—2+) transition for ky~kicxk to be 

5 has 
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do ee ge Oy OCs 


1 2 3 2 
x| UohRoo)} + JehRvO)} | 


where R, is the interaction radius which gives 
the best fit with observed elastic angular dis- 
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Fig. 6. Comparison of calculated inelastic angular 
distributions (Q=—4.43 MeV) based on dif- 
fraction model with observed ones. Values of 
Ro are those which give the best fits with 
observed elastic angular distributions. 


I. Nonaka, M. ODERA, Y. HASHIMOTO (Vol. 15; || 
tribution, #w2.=4.43 MeV is excitation energy | 
of the final nucleus and C2 is a quantity cor-— 
responding to the surface tension, when C” is 
assumed to be a spherical vibrational nucleus 
and 4.43 MeV states be excited through col- 
lective quadrupole vibration. 

In Fig. 6 are shown comparisons between 
observed and calculated cross sections. Ab- | 
solute values around the second maximum 
are only fitted by taking the values of C: to 
be around 140 MeV which is a value ten times — 
larger than that given by Alder et al.', ex- 
cept for ELw=31.0 MeV where a good fiit is 
obtained as to the positions of maxima but a 
value of about 90 MeV for C: must be taken © 
to obtain a fit with the absolute values of 
cross sections. As is seen from Fig. 2, ex- 
perimental cross sections do not decrease so 
remarkably as the theory predicts at large 
angles, showing even some rise at backward 
angles. It must be very interesting to get 
more data at large angles and compare them 
with the theory in order to elucidate scatter- 
ing mechanism more clearly. Any theories 
are hoped for which could handle the angular 
distributions at large angles. 

iii), C¥(@, a)C*, Q=—7.66 MeV 

Fig. 3 shows inelastic angular distribution 
data obtained at Eu=28.4MeV leaving the 
residual nucleus in excitations of 7.66, 9.63 
and about 12.7MeV. For comparison, the 
angular distribution of the elastic scattering 
was shown together. For these data of in- 
elastic scattering, no numerical analysis was 
made, because the conditions tai<E, k;~k; 
are not satisfied in these cases. It seems, 
however, that the angular distribution cor- 
responding to Q=—7.66 MeV is rather out of 
phase with the elastic angular distribution. 
This is in agreement with the current as- 
signment of 0+ to this level. Unfortunately, 
it was not possible to take data at backward 
angles to obtain the ratio of the cross section 
for 7.66 MeV level to that for 4.43 MeV level 
(o(0+-0+)/e(0+—2+). More extensive inves- 
tigation of the inelastic scattering to this 
state at Ea=42MeV has recently been re- 
ported by Eccles and Bodansky. 

iv) C#(a@, a’)C?*, Q=—9.63 MeV 

As is seen from Fig. 3 the inelastic angular 
distribution corresponding to this state is 
rather out of phase with that to 7.66 MeV 
state, so that the former is in phase with the 
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elastic scattering angular distribution. There- 
fore, though the excitation energy is too high 
to be compared with the theory, it seems 
probable that this state have odd parity. 
This is in contrast to the assignment of 0+ 
or 2+ to this state given by Yavin and Far- 
well®, and in favor to 1— assignment as 
given in the table by Ajzenberg-Selove and 
Lauritsen. 
aye NO Oy ~12'7 MeV 

This group consists of excitations to at 
least unresolved two states (12.73 and 13.30 
MeV states®”). The angular distribution ob- 
tained at Ea=28.4MeV is given in Fig. 3. 
No analysis was yet made, but at ELe=31.0 
MeV and 33.4MeV this group seems to be 
excited much less strongly. It will be of 
interest to investigate the energy variation of 
cross sections with better resolution to elu- 
cidate the excitation mechanism of this group. 


We are now intending to investigate the be- 
haviour of the change of elastic and inelastic 
angular distributions with energies for C, in 


- detail, and also for O, Ne, Mg, etc. 


_ resonance near this energy. 


The authors are indebted to Dr. J. S. Blair 
for sending them his article before publica- 


tion and to Dr. M. Sano for valuable discus- 


sions. They are very much grateful to the 
cyclotron technical staff of the Institute for 
Nuclear Study. 


Note Added in Proof: 

We have just made additional measurements 
of angular distributions of elastic and in- 
elastic scattering (Q=—4.43 MeV) at eight 
more energies. We have reproduced Watters’ 
plateau in the elastic angular distribution at 
Ex=30.0 MeV. There is a kind of very sharp 
Inelastic angular 
distributions are closely correlated to those of 
elastic scattering of the same energies even 
near this resonance. These results will be 
reported in near future. 
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Extensive experimental results are presented, showing the variation 
with energy of the absolute angular distributions for the elastic and 
inelastic scattering of medium energy protons on oxygen. 

For the elastic scattering, angular distributions between 20 deg and 
160 deg were obtained for twenty incident proton energies spaced 
between 6.87 MeV and 15.6MeV. The absolute angular distributions 
for the inelastic proton groups, leading to the excitation of about 6 MeV 
(6.06 and 6.14 MeV) and 7 MeV (6.92 and 7.12 MeV) states of O'S, were 
measured at five energies from 11.9MeV to 15.6MeV. Although 
angular distributions vary remarkably with the incident energy, integrat- 
ed cross section decreases monotonically as incident energy increases. 
In particular, at #,=15.6 MeV the total inelastic scattering cross sec- 
tion was roughly measured to be 240+40mb. From this result and the 
reported results for other reaction cross sections, we may deduce that 
O'® nucleus is considerably transparent even for this rather high incident 
energy, where the mean free path of nucleon in nuclear matter has 
nearly the minimum value in usual nuclei. 

The excitation function for the elastic scattering shows appreciably 
sharp resonances at energies, 7.2, 10.6 and 14.7MeV, and its gross 
structure has a large scale resonance of a width about 4 MeV, at in- 
cident energy of about 13 MeV. It appears that this resonance is the f- 


wave giant resonance expected from the shell model. 


Introduction 


$1. 


The elastic scattering of protons by oxygen 
has been investigated by many _ resear- 
chers?—!, and some of their studies have 
thrown light on the low-lying levels of F’’. 
O* contains 8 neutrons and 8 protons, and 
can be considered as a closed shell neucleus 
both in neutrons and protons. If this shell 
model of the nucleus is correct, the compound 
nucleus F'’, formed under bombardment of 
O by protons, will consist of one proton 
outside a closed shell. Therefore F" is a 
single particle nucleus in the sense that it 
Should show the states of a single particle 
moving in a central field. Of course levels 
due to the excitation of the O' core should 
also appear. FF!" should be constructed by 
the addition of an siy2, dsyz or dsy2 proton to 
the O'* core and the states corresponding to 
these protons are expected. In fact, the 
ground state, the first excited state (at 0.500 
MeV), and the state at about 4.7 MeV of F" 


are believed to be single particle states and 
the spins and parities of these states are 5/2 
+, 1/2+, and 3/2+ respectively. Possibly 
the level 7/2— (at 3.86 MeV) is not a single 
particle state of f7/2, because this state has a 
small nucleon reduced width. 

The energy region presented in this paper 
begins just above those of other works->) 
and includes the bombarding energy in the 
work of Burcham et al.®. The result of 
Burcham et al. was analyzed in terms of the 
optical model by Fujimoto et al.!”, using 
complex square weil potentials. They show- 
ed that the potential with small imaginary 
part (V=36+22 MeV, R=1.45x10- A'/? cm) 
gave the best fit to the experimental result. 
We may deduce from this fact? that the 
deviations from the prediction of shell model 
are appreciably small at this somewhat high 
excitation energy (E»=9.5MeV). Therefore 
there is a possibility that a large scale re- 
sonance due to the f-state is detectable at 
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' scribed elsewhere.*®):’*® 
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energies higher than 10MeV. This means 
that the states of F" in this energy region 
are predominantly f-states and hence have a 
spin of 5/2 or 7/2, thereby showing that the 
intermediate coupling model due to Lane, 
Thomas and Wigner?® should be in this case 
a sufficiently good approximation for explain- 
ing the energy states concerned. 

Previously we measured the elastic scatter- 
ing of protons by oxygen at energies 7.72, 
9.64, 11.7 and 14.1 MeV, and showed that the 
angular distributions varied irregularly with 
the incident energy, contrary to the variations 
in the elastic scattering on medium weight 
nuclei”. More detailed investigation of 
variations is the aim of the present work. 


$2. Apparatus 


A. Production of the Focused Proton Beam 

The proton beam is deflected by an A.C. 
deflector from the variable energy INS 
(Tokyo) cyclotron? and passing through a 
magnetic shielding channel, leaves the cyclo- 
tron chamber. Then it is focused by a pair 
of quadrupole magnets and is deflected by a 
sector magnet. The combined lens action of 
the quadrupole magnets and the sector 
magnet!) produces a beam spot about 5mm 


- wide and 10mm high, whose intensity can 


be changed stably from a few vA to 0.01 uA 
or less, before the collimator slits. The beam 
then passes through the collimator which has 
two defining apertures of graphite, 5mm in 
diameter, spaced 80cm apart. To remove 
slit-scattered protons from the beam, five 
graphite baffles, each 7.5 mm in diameter, are 
7ased. 1° 

B. Scattering chamber and 
chamber 

Details of the scattering chamber were de- 
It consists of a turn 
table, a target assembly and a vacuum can 
containing them. The vacuum can has an 
inner diameter of nearly 100cm and a height 
of 40cm, whose side wall has 32 windows. 
‘The side windows open at each ten degrees 
from 10° to 170° on one half of the side wall 
of the chamber and from —15° to —165° on 
the other half of the wall. These windows 
allow us each 5 degree observations, but in 
this work we used the windows of one half 
of the side wall. 

Commercial tank oxygen was used as the 


gas target 


Elastic and Inelastic Scattering of Protons by Oxygen 


1165 


target gas. Volumetric analysis showed that 
this gas consisted of 99.85% O: and 0.15% 
Ne, other impurities being negligible. The 
isotopic content of O' is 99.76%. The gas 
was filled in a container, which was made of 
a brass cylinder of 9cm in diameter and of 
6cm in height and had a window extending 
along an angle of more than 180° including 
the beam entrance and the beam exit. This 
window was sealed with a sheet of alminum 
foil 20 # in thickness. The gas target cham- 
ber was located at the center of the scatter- 
ing chamber. The pressure of the target gas 
was 40.6cm Hg (at 27°C) which was measur- 
ed with a mercury manometer. 

The unscattered beam was collected in a 
Faraday cup. In order to reduce the effect 
of secondary electrons, the collector cup was 
equipped with a couple of magnets which 
produce magnetic fields of about 300 gausses. 
The collected charge was measured electro- 
nically by using 100% feed back type beam 
current integrator. At the bottom of the 
cup, an aperture of 3mm in diameter was 
equipped, through which a part of the un- 
scattered beam could be extracted from the 
vacuum and led into an ionization chamber 
for the beam energy measurement which was 
placed behind the cup. This aperture was 
closed with a small piece of permanent mag- 
net during the cross section measurement 
and could be opened by changing the polari- 
ty of the Faraday cup magnet. 


C. Beam energy measurement 

The INS (Tokyo) cyclotron, with its wide 
range magnet and variable frequency oscil- 
lator system, can offer proton beams of ener- 
gies from 7MeV up to 16 MeV to the scat- 
tering chamber without appreciable change 
in intensity. In this work, proton beams of 
various energy were obtained mainly chang- 
ing the cyclotron parameters, but the small 
energy changes (<200 kev) were performed 
by inserting Al absorbers before the beam 
collimator. At each energy studied, the en- 
ergy of the incident beam was determined 
as follows. The unscattered proton beam 
entered into an argon-filled shallow parallel- 
plate ionization chamber, after passing 
through the small aperture prepared at the 
bottom of the Faraday cup. By changing the 
thickness of aluminum absorbers placed in 
front of the ionization chamber, one could 
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obtain the Bragg curve, which determined 
the mean range of the incident beam.” 
Thus, using the range energy relation obtain- 
ed by Bichsel, Mozley, and Aron,'” the ab- 
solute value of the beam energy was deter- 
mined. The energy spread of the incident 
proton was estimated to be about +0.5%. 


D. Detector system 

We used sixteen scintillation counters in 
each measurement. Fifteen counters were 
attached to the side windows of the scatter- 
ing chamber. A spare counter was set up 
on the turn table in the scattering chamber, 
and could be placed at any desired scattering 
angle. The side window counters were 
equipped at each ten degree from 20° to 160° 
on one half of the side wall of the chamber. 
(Fig. 1) Scintillation counters were similar 
to that used in our previous work.'» Each 
consisted of a thallium-activated Nal scintil- 
lation crystal of about 20x20x1.5mm anda 
photomultiplier tube (mostly RCA 5819 and 
the remainder RCA 6342, 6655 and DuMont 
6292). The energy resolution of these coun- 
ters was about 2.3% at H»=15.6MeV. Each 
counter equipped with a defining slit system, 
which consisted of a vertical front slit and a 
circular rear aperture. The G-fractors of 
these counters were estimated using the equ- 
ation of Silverstein,'® including the correction 
for finite beam size. We found the higher 
order terms of the equation, including lst 
order, negligible compared with the accuracy 
of the defining slit dimension (about +0.5%). 


Fig. 1. A perspective view of the experimental 
apparatus. A: Scintilllation counters attached 
to the side windows of the scattering chamber. 
B: Spare counter set up on the turn table in 
the scattering chamber. C: Target chamber. 
D: Beam collimator. E: Defining slit system 
of detector. F: Faraday cup. G: Al absorbers 
for the beam energy measurement. 
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The G-factors of these counters were on the 
average as follows; for the side window coun- 
ter, 2.26x10-*cm (from 60° to 160°), 0.566 
x10-!cm (from 30° to 50°), 0.204x10-*cm 
(20°), and for the turn table counter, 6.06 
LSA. Cm: 

The signal pulses, after passing through a 
cathode follower (White type), were sent to 
the counting room about 50 meters apart 
from the measuring room, through a coaxial 
cable (RG63U). And after amplified by a 
linear amplifier (Bell-Jordan type), the pulses. 
were fed to a multi-channel pulse height 
analyzer (Joenstone type). We used five sets. 
of linear amplifiers and multi-channel pulse: 
height analyzers simultaneously. All the e- 
lectronic equipments were constructed in the: 
electronics division of our laboratory. 


§3. Experimental Procedure 


The angles of detection in the laboratory 
system range from 20° to 160° at intervals of 
ten degrees. In addition, a spare counter 
was set at 55° or 65° according to the inci- 
dent proton energy. High voltages were 
supplied always to each counter and the 
signals from each one were always sent to. 
the counting room. As described in §2. D, 
we used simultaniously five sets of electric 
equipments, each of which includes a multi- 
channel pulse height analyzer. When we 
connected the cables from the counters at. 
five other scattering angles to the inputs of 
the five sets of electronic equipments, we 
could measure the yields at next new five: 
scattering angles. The observation of the 
angular dependence at a given incident pro- 
ton energy, needed only four times of such 
measurement. In a series of measurements 
at a given energy, we always measured the 
yield at 90° as the monitor of the system, to. 
obtain important checks upon the operation 
of the current integrator and upon the condi- 
tions of target gas. 

This method gave us more reliable data on 
the angular distribution especially at the re- 
gion, where the yields change remarkably 
with the incident energy. The G-factors of 
the detector at forward angles were made 
smaller than at other angles, so that the sta- 
tistical errors in the number of counts did not. 
change markedly with the detection angle. 
The counting rate was so adjusted by con- 
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trolling the beam intensity that the counting 
loss may be much less than 1%. 


$4. Analysis of the Data 


A. Subtraction of background 

A typical pulse height distribution is shown 
in Fig. 2. The elastic peak was found to be 
always accompanied by a uniformly distribut- 
ed low-pulse-height tail. The greater part of 


the tail seems to be due not to the low ener- 
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Fig. 2. Typical pulse height spectrum obtained 
with an Nal(T1) detector for protons of 15.6 MeV 
incident energy scattered by oxygen gas at 
angle of 60°. 
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gy component of the incident beam, but due 
to the multiple scattering by the detector slit 
edges.*” Therefore on determining the num- 
ber of protons elastically scattered by the 
target gas we set the cutoff threshold just 
below the elastic peak and discarded all 
counts falling in the tail. The resolution of 
the detector being takes into account, this 
procedure is justified by Courant’s calcu- 
lation,’ and eliminates the effect due to the 
slit edge penetration and scattering. The 
low-energy components of the incident beam. 
were estimated to be less than 0.5%. There- 
fore we neglected this effect. 

In the inelastic groups, (Q&—6.1 MeV and 
—7.0MeV), there is another background 
source due to 7 rays, especially for the lower 
energy side, in addition to the above-mention- 
ed origin. This fact made us to give up the 
measurement of the inelastic groups at the 
lower incident proton energies (E,<10 MeV). 
We followed the procedure for the back- 
ground subtraction, described in our previous 
papers.!» In each individual case, an estimat- 
ed probable error is assigned to this back- 
ground, commensurate with the extent to 


Table I (i). Differential cross sections for the elastic scattering of protons on oxygen. 
(=e) (mb/sterad) 
‘tae = vith 6.87 als 7.53 8.04 8.44 
Oc.m. (degrees) — 

21.22 989 (10.2) 944 (10.2) sey (@ac}) T5SS Hone) 583 wn Geo)) 
31.8 162 Ging) 25 (3.4) 030) (ES) 50d (S24) 465 (3.0) 
42.3 Sun Oe (Za) 145 (2.6) 260 (2.6) 2 Aen (220) 168 (2.6) 
02.7 CLI Gab) CVn Aexlh) 133e (256) Shi (Gol) 528a(259) 
fens) — — = 5050 (259) 27.8 (2.6) 
63.1 AN ye (Aish) 68.7 (2.6) 78.3 (2.6) Slo) (Aa) 18.4 (2.8) 
68.2 Sal (ane) 64.8 (2.5) LAWS (C505)) — -- 

73.4 26-9 (2.9) 65.0 (2.6) 69.8 (2.6 30.6 (2.7) Zila (Ze) 
83.5 Wy (ie) 68.1 (2.6) 72.4 (2.6 50E9) (2-6) 51.9 (2 6) 
93.6 Meraors ((Ze0)) TA C4553) 83.2 (2.5) Hescll, (C2R), TART (2s, 
103.5 39.3 (2.8) Arse (21.0) 90.4 (2.6 86.5 (2.6) 87.2 (2.6) 
113.4 62298 (2570) (Ge iam (225) 95.8 (2.6 82.9 (2.6) Sle (AS) 
12301 87.6 (2.6) Soe2 (2.0) 96.7 (2.6 67.5 (2.6) Gle5 (226) 
132.7 ipl (2.6) 99.5 (2.6) 9329N(2.6 48.0 (2.6) a) CAo70} 
142.3 123 (2.6) 123 (so) 89.3 (2.6) 29.3 (2.7) 179258) 
151.8 120 (2.6) 150 (225) 76.5 (2.6 Wie2i (20) 10.4 (2.9) 
TONE 115 (2:5) 183 (Zo) 66.8 (2.5) 12.4 (2.7) 1355: (20) 


E,»=mean incident proton energy at the cente 
probable error (§ 4) is given. (%) 


r of target, in lab. system. (MeV) In the bracket, the 
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SS lis Ep (MeV) | 


=m 8.66 9.42 10.2 10.5 10.8 
Gc.m. (degrees) > 

21.2 1137. (7.3) 1131 (6.4) 1093 (5.5) 950 (5.5) 803 (5.5) 
31.8 309 (3.0) 362 (3.0) 307 (2.7) 291, 6)(2:8) 253 (2.8) 
42.3 113 One) 134 (2.6) 10% aa 2e2) 88.7 (2.6) 88.7 (2.7) 
52.7 34.2 (3.0) 36.4 (3.0) 23.2 (3.3) 17.8 (2.9) 20.8 (3.4) 
57.9 17.2. (2.6) 16.0 (2.6) 9.84(2.7) 9.86(2.9) apa we 
63.1 12.2 (2.9) Z18(3-2) 7.76(3.2) 11.3 (3.4) 9.98(3.0) 
68.2 = —- > aa = 

73.4 WS (Age ASO) (CARS) IQHO"CZES) DD stk Pie) 25. QRZ ie) 
83.5 a7 ee (ee 45.6 (2.7) 38.6 (2.7) 48.2 (2.8) 46.6 (2.6) 
93.6 55.4 (2.5) 69.4 (2.5 52.0 (2.5) 59.1 (2.6( 60.3 (2.5) 
103.5 66.5 (2.6) 79.7 (2.6) 58.6 (2.6) C17 (2-7) 60.1 (2.6) 
113.4 65.2 (2.6) 74.8 (2.6 54.2 (2.6) 61.0 (2.7) 48.2 (2.6) 
1291 52.7 (2.6) 53.9 (2.6 41.7 (2.7) 52.6 (2.8) 30.4 (2.7) 
1B2N7 36.8 (2.7) 25, 0N(2.7 26.5 (2.7) 44.1 (2.8) 16.4 (2.9) 
142.3 220 (227) 19.8 (2.7 16.2 (2.8) 37.9 (2.8) 14.0 (2.9) 
151.8 15.5 (2.7) 11.5 (2.8) 11.2 (2.8) 84.7 1(2.7) 21.6 (2.7) 
161.2 12.5 (2.7) tewie.7) 13/3 (2.7) 33 7 (2.1) 37.4 (2.6) 

Table I (iii). 
E» (MeV) i 
= ‘ Lge 11.4 iG, 29 Sis) 
0c.m. (degrees) oe Dag! Bet 2 eS i - eee = 

21.2 | 907 (4.6). 899 (4.6) 867 (4.6)>. 708) (18) 1 719 GB) 
31.8 Let B0Apee(208) 311 (2.8) 257 (2.6) 260 (2.6) 271 (2.6) 
42.3 108 (2.8) 108 (2.8) 70:3: (2:7) 85.1 (2.7) 80.2 (2.7) 
52.7 29.2 (3.7) 31.7 (3.6) 19.6 (3.4) 24.0 (3.3) 20.1 (3.4) 
57.9 21.0 (2.7) 20. 142.7) 15.5 (2.6) 18.2 (2.7) 18.3 (2.6) 
63.1 | 21.5 (3.0) 18.8 (3.0) 20.5 (2.8) 20.2 (2.8) 23.5 (2.7) 
68.2 | — _ — a pao 

73.4 | 35.8 (2.9) 35.8 (2.9) AT (2D 34.1 (2.7) 42.4 (2.7) 
83.5 | 52-9 (2,8) 54.2 (2.8) 56.5 (2.6) 44.8 (2.7) 52.2 (2.6) 
93.6 | 62.4 (2.6) 63.8 (2.6) 7 Om (2h) LT oi (CAND) 49.4 (2.5) 
103.5 | Cooma) 64.2 (2.7) 54.9 (2.6) 44.3 (2.7) 42.4 (2.7) 
113.4 46.5 (2.8) 52.4 (2.8) 39.7 (EB) BOLD (2al)) 8050) (Zaw 
123.1 | Phd le((S54\0)) 34.7 (2.9) TAS) (AM) 24.5 (2.8) FAO Pags)) 
SYA IE | Ws (Gio8S) Paslecss (zx0) 21.4 (2.8) WRT (ccs) N72 (2.3) 
142.3 ene? 71661 15.6 (3.1) 19.0 (2.8) 16.1 (2.8) 17.2 (2.8) 
151.8 ) eeu5s2 (70) 19.5 (2.9) 21.6 (2.7) 18.4 (2.7) 20.7 (2.7) 
161.2 | SEO. (4a) SEIN: 27.9) (22.6) 24.6 (2.6) 24.9 (2.6) 


which its value appeard uncertain. as the amounts of impurity and that in the 


measurement of density (pressure and tem- 


perature), was estimated to be -+1.0% or 
less, 


B. Discussion of errors 

(i) Uncertainly in the cross sections 

The error in the collected charge, consist- 
ing of errors in calibration of the integrator 
including its zero drift, was +1.5%. 

The error coming from the target gas, such 


Insufficient accuracy of the exact scattering 
geometry and the method of background sub- 
traction were already described in §2. D and 
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Table I (iv). 
__ Ep (MeV) eer oe ee 
a erebsas 14.3 1455 14.7 Lis2 15.6 
ZAIN PA 685° (3.8) 642 (3.8) 656 (3.8) 774 = (3.8) 776 (3.8) 
31.8 265 (2.6) 260 (2.6) 259 (2.6) 207 92.6) 287.) 62:5) 
Ala 86.6 (2.9) 87.6 (2.9) (ES (C210) Uy CAO) 67.4 (227) 
52.7 20.7 (4.1) 25.7 (3.8) 22.8 (3:3) 2 OMCAnOY 18.4 (3.5) 
57.9 = a 25.0 (2.7) 27. 6 (23:7) = 
63.1 19.7 (3.1) 21.4 (3.0) 21 7a 27) 35.1 (2.8) 39.6 (2.7) 
68.2 2BIDr( 207) 28155(2.7) = = — 
73.4 35.5 (2.9) 35.4 (2.9) 45.9 (2.6) 50 AS (eo) 61.4 (2.6) 
83.5 43.8 (2.8) M30 8) 46.0 (2.7) 46.2 (2.8) 56.2 (2.6) 
93.6 42.5 (2.5) 43.9 (2.5) 41.2 (2.5) 33.4 (2.5) 36.4 (2.6) 
103.5 34.4 (2.9) 39.2 (2.9) 37.5 (2.7) 22 75a) 17. % (2.9) 
113.4 24.6 (3.0) 30.4 (2.9) S97) 14.0 (3.4) 8.30 (3.3) 
pany 16.4 (3.2) 18.7 (3.2) DAT (2.8) 11.8 (3.5) 9.19(3.2) 
13267, WAsay (GIRZ5) safe (Gos) TORSmCZeS)) 142353) 16.1 (2.9) 
142.3 15.4 (3.1) 15.6 (3.1) 23.0.(2.7) 20.1 (3.0) 22.2 (2.7) 
They lates Daxtey (752) Baas). (Aas) S1dq5) (4a(5) 7 kan al gs) THe SEV PARTE) 
NOUR, 30205 (Za0)) 44.3 (2.6) HS (Ad) Sl Ziee) Devel (Pz) 
~§4. A, respectively. (ii) Uncertainty in the scattering angle 
In addition, the loss in beam charge collec- Uncertainty in the scattering angles 


tion due to multiple scattering in the target 
gas and in the foils of the target chamber, 
should be allowed for. This was estimated, 
according to the treatment of Bethe for 
multiple scattering?” and was corrected. The 
error after this correction is believed to be 
appreciably small. The effect of multiple 
scattering by Al foil and O2 gas on the scat- 
tered particles to be detected was also esti- 
mated. It is considerably reduced by mutual 
compensation of the scattered-in and -out.*” 
The deviation in this compensation was ap- 
preciably small (<1%) at over all detection 
angles in this work except at #ap—20° and 
0°. 
The various errors considered above, toge- 
ther with that due to the counting statistics, 
have been combined quadratically, although 
they are not all truly random, and are given 
in the bracket of Table I as estimated pro- 
bable errors. 

The largest parts of errors of the inelastic 
cross section come from the background sub- 
traction, described in §4. A already. 

The statistical error in the number of 
pulses counted was mostly of the order of 
1%. 


(+0.15°) was mainly compounded from the 
following sources: the uncertainty in the 
zero-angle correction (+0.01° or less) and the 
error in the alignment of the defining slit in. 
front of the scintillation detector. 

(iii) Uncertainty in the incident energy 

As is described in §2. C., uncertainty in 
the determination of incident energy is due 
to the error, in the measurement of Bragg 
curve and in the determination of the absolute 
thickness of Al absorber. The uncertainty 
in the beam energy at the target center was 
estimated to be 0.5%. Of course, this de- 
pends on the range-energy relation based on 
the work of Bichsel, Mozly and Aron.'” 


§ 5. Results and Discussion 


A. Elastic scattering 

Table I gives the data obtained for elastic 
scattering at the twenty incident energies us- 
ed. The differential cross sections for elastic 
scattering expressed as ratios to Rutherford 
cross sections, are shown in Fig. 3. The ex- 
citation function is given, as a function of 
incident energies at #an=140°, 150° and 
160°, in Fig. 4, which also contains our pre- 
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“sig. 3. Differential cross sections for the elastic 


scattering of protons by oxygen, in units of the 
Rutherford cross section. * our previous re- 
sults (2). 


vious data’? and Burcham’s data.®* The ex- 
citation function shows appreciable sharp re- 
sonances at energies 7.2, 10.6 and 14.7 MeV. 
The lowest resonance at 7.2MeV continues 
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to the Zurich data® qualitatively. 

The excited states higher than 7 MeV, in 
F*7 nucleus, have not been investigated. On 
the other hand, we know considerably well 
of the higher excited states in O'” nucleus,”? | 
which is the mirror nucleus of F‘’, and the 
correspondence is appreciably good in lower 
excited states. The formula | 

o(f)=0.2 exp [2(0.5E£)!/?]/MeV 
agrees fairly well with the experimentally 
determined average level densities for O% az: 
6.0 MeV and 8.0 MeV excitation,?”), and there- 
fore it is used to estimate the average leve! 
densities for F‘7 nucleus. This formula gives 
o~20, and 50 levels per MeV at excitations 
10 MeV and 15 MeV, respectively.** There- 


e Present work 
© Previous work 


200 x Birmingham 
data 
lab = 160° 
50+ 
201 
Ep (MeV) 
cS pa 15 aR 
‘a Plab =150 
sol($2), 
b 
A 
E i és 15 
t Blab= 140 
50 


a 


Fig. 4. Excitation’curves of the elastic scattering 
on oxygen. 


* Although a part of incident energy used by 
Kinsey and Stone?) was included in our energy 
region, unfortunately they did not reported the 
data at backward scattering angles (@=130°). Any 
comparison with their result has not been done. 
** Excitation energy in F'7 nucleus is given by | 
(16/17- Hy) +0.596) (MeV), where Ey is mean inci- 
dent proton energy at the center of target in lab. 
system. 
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fore allowing for the beam energy spread 
used, we should not discuss the one level pro- 
_ blem, but the gross structure problem or the 
_ average problem, at an incident energy higher 
than 10MeV. The result of Burcham et al. 
at E,y=9.5MeV® was analyzed in terms of 
the optical model by Fujimoto et al.’ as 
was described in §1. Following their proce- 
dure, we fitted our experimental result at To 
=12.9 MeV, using complex square well poten- 
' tials. The result analyzed by the potential 
V=35+27 MeV (R=1.45 x 10-8 A1/3 cm), agrees 
with the angular position of the first minimum 
} and the value of the first maximum, of the 
, experimental differential cross section, and is 
shown in Fig. 5.* In our energy region, 
the wavelength of the incident proton is of 
the same order as the radius of the nucleus 
and therefore the effect of the edge is not so 
serious as it is for higher energies. It should 
be noted that W) is considerably small. This 
fact means that the mean free path of the 
incident protons in nuclear matter is 16.1~x 
10-%cm, which is much larger than the 
radius of the target nucleus. This value is 
calculated from the relation”?) 


0" (p, p) (oy 
Ep=12.9 MeV 


experimental points 
calculated curve 
Vo=35MeV 

Wo=2 MeV 

R =3.65xl0 “cm 


0. 30 60 90 150 


Fig. 5. Angular distribution of elastically scat- 
tered protons from Oxygen, with the calculated 


curve based upon the optical model. Ordinates 
are ratios to Rutherford cross-section. 
* Without an electronic computer, it is im- 


practicable to study these results fully, and we 
have merely attempted to obtain approximate 


agreement. 
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ial 
Wd 2 4 
1/A2 =2 aaa ew ~ 1K, 
/ | E+Vo J 
using the best value of Vo and Wo. From 


the following reasons, we may understand 
such a small imaginary part of the optical 
model. The first is due to the high thre- 
shold of (, 2) reaction (Eth=17.3 MeV), and 
so open channels except (p, p’) scattering are 
mainly (p, aw) (Eth=5.53 MeV), (pf, 7) and (p, 
d) reactions (Eth=14.2 MeV). The largest 
contribution except (p, p’) scattering is per- 
haps based on (pf, @) reaction, the cross sec- 
tion of which is at most 50 mb.2*) Therefore 
the main part of proton induced reaction 
comes from inelastic scattering. This inelas- 
tic scattering does not open at Ey<6 MeV in 
oxygen. So the level density of the lowlying 
level of O* is relatively small. In our 
measurements, total cross section of (p, p’) 
scattering is roughly estimated to be 240+40 
mb at E,y=15.6 MeV. (See, Table II) The 
compound nucleus formation cross section dc 
was estimated from the continium theory’? 
to be about 630mb. Thus, (f, p)+(, @) 
cross section is smaller than a half of oc, and 
this is consistent with the small imaginary 
part Wo. We cannot exclude, however, the 
contribution of the compound elastic scatter- 
ing to oe to a considerable extent. 


Table II. Total integrated cross sections. 
| ot (mb) 
Group —Q (MeV) | = al 
| E)=15.6 MeV) Ey=19.0 MeV 
ApS ihewsin Oo 94410 5947 
B 7.02 5/EENG 3444 
I 8.87 28+ 5 28+3 
0 9.85 18+ 4 8+2 
Il 10.34 84 2 842 
IV 11.08 | 30+10 19+3 
W algeule | — WeE2 
VI 12.02 _— 642 
Vi W2ES — 11+2 


Ep=15.6 MeV (Present work) 
E,=19.0 MeV (Princeton dada). 


The smallness of imaginary part Wo leads 
us to the conclusion that the departure from 
the shell model is small at somewhat high 
energy, and thereby the sharp appearance of 
the large-scale resonance is predicted. From 
the above-mentioned analysis based on the 


Ele Wie 


optical model, it is seen that the maximum 
contribution to the scattering comes from 
proton waves of angular momentum /=3*. 
Namely, using the potential V=35+27 MeV, 
we find an f-wave characteristic resonance 
(N; =—4,+ Re fs=0)?”) at energy about 13.5 
MeV. The width of this resonance should 
be related to twice of the imaginary part.?® 
Thus this width is expected to be about 4 
MeV. In other usual nuclei, the imaginary 
part of optical potentical is much larger than 
that in O'* at Hy=10MeV. Consequently the 
width of the giant resonance will appear to 
be broadened. Thus possibly, O'* appears to 
be one of the examples of such unusual 
nuclei, in which the giant resonance is clear- 
ly observed at Ey=10 MeV. 
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Fig. 6. The averaged excitation curves of the 
elastic scattering on Oxygen. The excitation 
function for O1(p,a@) reaction measured by 
Whitehead and Foster is also included. 


In view of the gross structure problem, 
which we concern, we will average the ex- 
perimental differential cross sections at energy 
interval +500 kev. This magnitude of energy 
interval includes, on an average, about three 
measuring points. The average cross section 
is plotted in Fig. 6 as a function of the in- 
cident energy. Particularly the average ex- 
citation function of differential cross section 


* The calculated cross section for the forma- 

tion of the compound nucleus (optical model) at 
4 

energy 12.9MeV was as follows. o¢ = > o¢!) 
~ 460 mb. a 


t=0)\/ T=1 l=? 413 
vamiy 422 38 42 


1=4 
2 (mb) 
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at @ab=160°, has an apparent gross struc- — 
ture. In Fig. 6, the excitation function for 
O' (p, a) reaction, which was measured by 
Whitehead et al.,?®) is also included, and the 
positions of this large scale resonance agree 
fairly well with each other. This seems to 
be the above-mentioned /-wave giant re- | 
sonance from the following reasons. In the | 
approximation based on the optical model, 
neglecting a spin-orbit coupling term, we ex- 
pect that the f-wave resonance does not ap- . 
pear near %ap=140°, which is the zero point 
of the third order Legendre function. In 
fact, in Fig. 6, we cannot find the occurrence 
of the large-scale resonance in the excitation 
function at. %sa»=140°.. This statement, is 
also verified qualitatively by comparing our 
analysis based on the optical model with that 
of Fujimoto et al.; that is, at ®4ap=140° our 
result nearly equals to that of Fujimoto et al., 
while at Jab=160° our calculated result at 
Ey=12.9MeV is much larger than theirs at 
Ey=9.5 MeV. 

Therefore this suggests that the states of 
F*" in this characteristic resonance region 
are predominantly f states and hence have © 
spins of 5/2 or 7/2, thereby showing that the 
intermediate coupling model due to Lane, 
Thomas and Wigner,” is in this case a suf- 
ficiently good approximation for explaining 
the energy states concerned. The result of 
the above-mentioned O" (p, @) reaction?» may 
also be explained as an f/-wave resonance. 


B. Inelastic scattering 

The inelastic proton grouds, leading to the 
excitation of about 6MeV (group A) and 7 
MeV (group B) states of O'*, were observed 
at five energies from 11.9MeV to 15.6MeV 
together with the elastic proton group. Group 
A gives an energy excitation of the 3— level 
at 6.14MeV in O'. The group B corresponds 
to an energy of about 7.0MeV states in O'* 
and appears to be the unresolved 6.91 and 
7.12 MeV states. The resulting differential 
cross sections are shown in Fig. 7; a part of 
the angular distribution curves could not be 
measured because of the background and is 
excluded from Fig. 7. Although angular dis- 
tributions vary remarkably with the incident 
energy, the integrated cross section decreases. 
monotonically as incident energy increases. 
This is shown in Fig. 8, including the work 
of Hornyak and Sherr.) There appears a 
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Fig. 7. Differential cross sections for O1%(p, »’)O16*. 
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The smooth curves are drawn primarily to 


connected points; the estimated probable errors are shown. 


shoulder at E»~14.7 MeV for group A. Table 
II gives the total integrated cross section and 
was compared with Princeton data.” Any 
comparison with the theory of inelastic scat- 
tering has not been done. 

The author is particulary indebted to Pro- 
fessors S. Kikuchi and I. Nonaka for their 
guidance and encouragement, and to Profes- 
sor Y. Oda for helpful discussions held 


throughout the course of the work. The 
author wishes to express his deepest appreci- 
ation to Professor K. Matsuda. Without his 
active guidance and severe criticism, the pre- 
sent work, doubtlessly, would not have been 
completed. It is a distinct pleasure to thank 
Messrs N. Yamamuro and Y. Nagahara for 
their active participation in obtaining the 
data, Professor S. Suwa for his invaluable 
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suggestion in the data analysis, Messrs T. 


Karasawa, A. Suzuki, 


H. Ogawa and the 


members of the INS (Tokyo) cyclotron crew 
for providing excellent cyclotron operation 
and Messrs M. Otsuka and N. Yoshimura for 
their maintenance and construction of the 
electronic equipments. 
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Fig. 8. Excitation functions for group A (Q= 
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O16(p, p’)O'8* scattering. 
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As the features of the high energy soft components of cosmic rays have 
not yet been thoroughly investigated, it is of greet interest to study them 
at present day, especially in very high energy region (above Bev )anrlo 
obtain the energy of such high energy electron or photon, the electro- 
magnetic shower theory can be applied. 

Using an experimental arrangement consisting of GM-counter hodoscopes 
and an ionization chamber with large area, the pulse height distribution 
of cosmic-ray showers produced by electrons or photons in lead and iron 
absorbers of different thickness was measured. The number of shower 
particles was estimated from the pulse height considering the angular 
spread of shower particles, and the energy of electrons or photons was 
obtained from the results of shower theory. The results of the present 
experiment show that, i) the differential energy spectra can be represented 
by a power law of the form #~Y, with 7 of 2.90 and 2.80 for electrons 
and photons of 2-20 BeV, respectively, ii) the zenith angle distribution of 
electrons is expressed by cos?¢@, and iii) upper limit of the ratio of the 
number of electrons to that of photons is 1.1. It is also found that the 
calculated results by Ivanenko are favorable to explain the observed re- 
sults for lead and iron absorbers. The essential part of this investigation 
is to provide a classification of the incident electrons or photons by the 
GM.-counter hodoscopes, that is, single incident particles, multiple incident 
ones, and those associated with EAS are separated in order to minimize 


the ambiguity involved in the results. 


$1. Introduction 


According to the generally accepted inter- 
pretation, cosmic-ray electrons and photons in 
the lower atmosphere are produced by decay 
and collision processes of sw-mesons, and by 


decay process of z°*-mesons resulting from 


nuclear interactions. It is of importance to 
obtain detailed information concerning the 


origin of the soft components, comparing the 


results of the observations at different alti- 
tudes with the suppositions based on the 


above-mentioned processes. 


Experiments on the soft components have 


“been performed hitherto by means of various 


methods, through which we have fairly ac- 


curate knowledge concerning the soft com- 


ponent of relatively low energy (<500 MeV), 
)-4) but the observation in high energy re- 
gion (1 BeV) is not sufficient”).”. 

The present experiment was planned to 


obtain energy spectra, absolute intensities, and 


zenith angle dependence of electrons and 
photons of very high energy. For this pur- 
pose, an ionization chamber of large area and 


counter hodoscopes were used. The ioniza- 


tion chamber is useful in the study of high 
energy electrons and photons as compared to 
the cloud chamber, because they produce so 
dense showers that individual tracks can not 
be identified separately in the latter case. 
Results obtained by experiments with ioniza- 
tion chambers, however, are apt to contain 
considerable uncertainties because of the 
variety of events giving rise to bursts. The 
uncertainties will be minimized under due 
caution, that is, if individual events associated 
with ionization bursts are identified by some 
auxiliary means. GM-counter hodoscopes in 
our experiment serve to select the events 
caused by electrons and photons. The events 
associated with extensive air showers are dis- 
tinguished from unassociated ones by means 
of air shower trays. It is necessary to * dis- 
tinguish the events associated with EAS, be- 
cause, if electrons and photons are associated 
with them, not only the particles initiating the 
cascade showers in absorber are not identified, 
but also the number of shower particles be- 
comes uncertain because of large area of the 
ionization chamber. Further it is generally 
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accepted that high energy electrons and pho- 
tons in EAS have different energy spectra 
from those of single incoming particles®). 

In this paper we describe the method of 
experiments and the results otained near sea 
level. The observation at mountain altitude 
and the related discussion will be reported in 
the succeeding paper. 


§2. Apparatus 

Fig. la and b show the experimental ap- 
paratus used in this experiment. The number 
of GM-counters in each tray and the effective 
area of each counters are listed in Table I. 


0 10 20cm 
(es ey 


AS2 


oO” lO. 20cm 


Fig. 1. Arrangement of the apparatus. 
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Trays AS: and AS: are located 230cm andi 
170cm apart from the centre of Tray A res-- 
pectively, lying immediately under the rooff 
of the laboratory. All counters of the above: 
trays are connected to neon lamps of the: 
hodoscopes. 


Table I. 
3 
Tray Number of Effective Area of | 
No. GM.-counter Each Counter 
A 20 Zo Ghiwe 45. Orem 
B 10 2.0cm 18.5cm 
C 10 ” 
D 83 | 2.8cm 43.5¢ecm 
E 15 ” 
F 20 2:8cm 58.5cm 
CG 25 2.8cm 70.0cm 
AS; 20 Zeem 4355 cm 
AS: 20 ” 
So eS SS 


Ht 


Degth= Vane 


== 


all 


= 
F 


Fig. 2. Ionization chamber. 


I in the Fig. 1 is the ionization chamber 
which was constructed in the form of rectan- 
gular parallelepiped of 10cm height, 50cm 
width and 50cm length, and was filled with | 
commercial argon of 99.9% purity at a pres- 
sure of 5.0 atmosphere (at 0°C). The top 
plate of the chamber is made of 3mm_ thick 
iron, and the bottom and the Sides are 5mm 
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thick iron plates. The chamber is divided into 
five compartments of 10cm width by brass 
meshes as shown in Fig. 2, and dummy 
spaces of both sides (A and B in the Fig. 2) 
are provided against the effect of side walls. 
Each compartment has an effec tive volume 
of 10cmx10cmx50cm, and a molybdenum 
wire of 1mm diameter is stretched at the 
centre along the long axis. A polonium a 
source for calibration can be moved along the 
slit (ab in Fig. 2) of the bottom plate by the 
gear system, and in normal operation the 
source is placed within the dummary com- 
partment. 

> in Fig. 1 is a shower producer of lead 
or iron of 20cmx20cm area, in which the 
electromagnetic showers, initiated by incident 
electron or photon, develop, and of different 
thickness, 0, 1, 2, 3, and 4cm of lead, and 4 


= of iron. 


Fig. 3. 
Block diagram 
preamplifier 
M: mixer 


PA: 


MA: main amplifier 

PHD: pulse height discriminator 
HS: holdoscope circuits 

NI: neon indicator 


MD: mixing discrimimator 
CC: coincidence circuits 
MP: master pulse generator 
CA: camera driver 

R: register 


The block diagram of the circuit is shown 
in Fig. 3. The amplifier for the ionization 
chamber is that of Jordan-Bell®, and the out- 
put pulses of the amplifier are fed into a pulse 
height analyser of 12 channels, each channel 
being connected to aneon lamp. These neon 
indicators of pulse height and the GM-counter 
hodoscopes are photographed on the same film 
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of 16mm cine-camera. 

The hodoscopes are triggered by a master 
pulse generated when an ionization pulse 
higher than the predetermined pulse height oc- 
cured simultaneously with the discharges of 
any GM-counters in tray C, and the discharges 
of three or more GM-counters in tray D 
(hereafter we designate it for abbreviation as 
C=! D5 I=", where x is expressed by a pulse 
height of ionization measured in terms of unit 
of Po—a). 

Experiments were performed from spring 
to summer in 1956 in the hut on the univer- 
sity building (30m a.s.l.), the roof of which 
has 0.7 g/cm? thickness of wood and zinc. 
counters and all circuits were checked daily, 
and if there was something wrong, the data 
after the previous check were omitted from 
the analysis*. 


$3. Analysis of the Data 


A) Classification of events 

The photographic records were reproduced 
on drawings of the apparatus on a reduced 
scale of 0.1. These records were classified on 
the basis of the following criteria: 

a) Association and non-association with 
EAS of density 4>>4/m?. 

For this purpose, events were classified into 
two groups by the number of discharged GM- 
counters of trays AS; and AS:. We designate 
the events in which none of trays AS: and 
AS» discharged as non associated events with 
EAS of 4>4/m?, and the one in which the 
discharge of one or more counters in tray AS; 
and AS: occurred as associated events with 
EAS. 

b) Electron (or photon) initiated showers 
and penetrating showers. 

The showers in which none of the GM- 
counters in trays F and/or G discharged are 
regarded as electron (or photon) initiated 
showers, and those in which any GM-counters 
in trays F and/or G discharged as penetrating 
showers. 

c) Single incident particle and multiple 
incident particles. 

This classification was made by the number 
of discharged GM-counters in trays A and B. 
We regard the showers as those initiated by 
single incident particle, when one or two (ad- 


x Such cases were found five times during the 
experiments running for four months. 
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joining) GM-counters in each of trays A and 
B discharged, and as showers initiated by 
multiple incident particles when three or more 
GM-counters in close proximity in trays A and 
B discharged. However, in the cases where 
4 or less GM-counters in tray A discharged 
scatteringly and one or two (adjoining) GM- 
counters in tray B discharged, we regard 
these events also those initiated by single 
incident particles. 

d) Electron initiated showers and photon 
initiated showers 

When none of the GM-counters in tray A 
and B discharged and the first criterion in (b) 
is fulfilled, the shower is regarded as photon 
initiated showers. If the first criterion in (b) 
and in (c) are fulfilled respectively, we regard 
the showers as electron initiated showers. 

e) Uncertain events 

There were many pictures which satisfied 
the criteria a), b), and c), but not d); for 
example, pictures in which none of tray A 
but one or more GM-counters in tray B dis- 
charged or vice versa. There were also some 
pictures in which an electron (or photon) was 
incident with some penetrating particles in 
parallel, and these might be classified as 
penetrating showers according to b). We omit- 
ted these indistinct records when the energy 
spectra were concidered, but a part of them 
were adopted under due correction when in- 
tensities of electrons and photons were the 
subject of interest. 

Some remarks are necessary for trays D 
and £. Appearance of the discharge plots of 
GM-counters in these trays was utilized to 
distinguish electron (or photon) initiated 
showers from nuclear disruptions which were 
initiated in gases or walls of the ionization 
chamber and produced some heavily ionizing 
particles and grey particles. 


B) Estimate of the number of shower particles 

‘The average number of shower particles 
traversing the ionization chamber is estimated 
by the following procedures: 

a) The number of particles Nio correspond- 
ing to pulse height of 1 Po—a, which traverse 
the ionization chamber vertically to the axis 
is obtained as usual by the equation 


Gs, 


where j is an average specific ionization in 
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terms of ion-pairs per gram per square centi- 
meter, Wo an average energy to produce an 
ion pair, 0 the density of gas, / the length 
of path in the chamber, and f the geometri- 
cal factor which is characteristic for the size 
of the ionization chamber. In our chamber, 
f=0.93 (obtained by a graphical calculation), © 
1=10cm, and for 7 W we use 2.1 108 eV/g cm. 
Thus we obtain for Mio the value 30.7. 

b) If we measure the pulse height distribu- 
tion of the ionization bursts caused by EAS 
at certain places where the density distribu- 
tion of EAS is known by some other methods,. 
Ni will be deduced comparing the pulse 
height and density distribution. Thus, the | 
pulse height distribution of ionization bursts: 
were measured at Mt. Norikura (2770 m a.s.1.) 
by triggering the ionization chamber with the: 
simultaneous discharge of 5 or more GM- 
counters of trays AS: and AS:. The frequency 
of EAS corresponding to pulse height more 
than 1.4 Po—a@ was 3.8+0.2/hr. Representing 
the integral density distribution at 2770 m” by 


S(G2d)=6.0 *10245*-49/ brs, 


and substituting the above mentioned value 
for S, we obtained for Nio the value 30.3. 

c) Actual number of shower particles, cor- 
responding to 1Po—a, should be less than 
Ni. on account of the scattering of particles. 
in XS. The angular distribution of the cascade 
electrons may depend on the thickness of the: 
absorber used, and on the energy of primary 
electron (or photon). However, for simplicity,. 
we assume for it the result obtained by 
Franchetti et al.*) below lead absorber in 
a cloud chamber, and as well assume that 
rms angle of the particles under lead and iron 
is expressed by the relation 

V i=at— (2) 
where 7 is the number of particles, a@ and b 
are constants depending on the materials and 
their thickness. According to ref. (8), a=30°,. 
b=50° for 2, 3 and 4cm thickness of lead. 
These values were obtained immediately be- 
low the lead plate. But it may not be correct 
to adopt these values in our case, where there 
are aluminum wall of the GM-counters and 
iron wall of the ionization chamber between 
+ and the gaseous volume of the chamber. 
We, nevertheless, assume that a=30°, neglect- 
ing the second term of the right side of the 
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‘equation (2) because of large in our case, 
‘and that the same angular distribution holds 
for lead and iron. Thus, the average shower 
particles initiated by a vertically incident 
electron (or photon) Ni, corresponding to the 
pulse height of 1 Po—a, is calculated numeri- 
cally, namely, 


| M1=g N= 24.0 ; (3a) 

| where g=0.79, and Nio=30.5. The number 

of shower particles corresponding to the pulse 
height of x Po—a, Nz, is 

INZ=240 (3b) 

| C) When there was no material at 3, electron 


(or photon) initiated showers were observed at 
low frequency. These background events seem 
to initiate from the surrounding materials and 
from the walls of GM-counters and of the 
ionization chamber, and these rates were sub- 
tracted from the data obtained with material 


at Pag 
‘D) For the analysis of the observations, fol- 
: lowing assumptions were made: 

a) Total number of electrons obtained from 
the shower theory J/+(£o, 0,7), initiated by 
primary electron (or photon) of energy Eo 
at depth ¢, is represented by 

TT yn(Eo, 0, =n (Eo, 0, t) , (4) 
where /I(£y, 0, t) is number of electrons actu- 
ally observed below the absorber of thickness 
t, and 7 is a constant. We assume that 7 is 
‘independent on £o. 

p) The differential energy spectra of elec- 
trons and photons are expressed by 


S 


@ 


=a| | cos" 9dS'dw’ | 
S Jw 
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cos” 0dS'do | 
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G(E)dE=cE-dE , 


where c and 7 are constants. 

c) Fluctuation of the number of shower 
particles obeys Poisson’s distribution. Accord- 
ingly, probability P that N particles emerge 
in the shower initiated by primary electron 
(or photon) of energy E> is 


PUN = GETTIN la (6) 
where JJ is the abbreviation of J7(Eo, 0, f). 
d) .At a certain depth ¢, the following re- 


lation between £y) and JZ; exists in some 
range of Eo, 


(5) 


Ev=kIlt,=ky*II* , ca 


where & and @ are constants depending on f. 
Moreover, we neglect the variation of JT tn 
with small variation of ¢t, and this is validated 
near the shower maximum. 

e) Zenith angle distribution of primary 
electrons or photons is represented by the 
form of cos”@, where z does not depend on 
their energy. 

f) The mean path length, in the ionization 
chamber, of the shower particles initiated by 
a primary electron (or photon) of zenith angle 
6, is longer than that initiated by vertically 
incident one roughly by a factor of 1/cos @. 
This simplification is approximalely valid, even 
if the angular spread of the shower particles 
is taken into consideration. 

Under the above mentioned assumptions, the 
counting rates of the electrons (or photons) 
producing cascade showers of pulse height of 
more than x are represented by 


co aN 
G(E)dE£ 

N,,, cos \ ) N! 

oP Une NS os ; 


Ny cosé N! 


(8) 


where A=c(ky*)-’+!, S is the area of 2%, and w is the solid angle which is subtended by 
tray A on each elements of area of Y and in which the effective area of tray D is contained. 


For large N, we may obtain 


FON) =A f cos” ods dw’ | 
oS. 


= A’ Nein] | cos” Odw’dS’ , 
‘ ®\., 


where 
ng haiollegr yt 
71 


’ 


“dN. N--#41, 


Jif cos 8 


(9) 


and 
m=n—al(y—1). (9a) 
From the equation (7), the integral number 
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spectra are represented by 


FSN;z)=BNz” ; (10) 


and 
y=ar-—a. (10a) 
As seen in (9) the zenith angle distribution 
of the primary particles giving pulse height 
more than x is represented by cos”, the 
relation between m and m being expressed by 
(9a). Thus from observed vy and m, we are 
able to obtain y and m by (9a) and (10a). 
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Fig. 4(a). Number spectra of shower particles 
initiated by single incident electron 1: 1cm Pb, 
2: 2cm Pb, 3: 3cm Pb, 4: 4cm Pb, 5: 4cm Fe, 
6: 8cm Fe. 
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Fig. 4(b). Number spectra of shower particles 
initiated by single incident photon 1: 1cm Bb 
2: 2cm Pb, 3: 3cm Pb, 4: 4cm Pb, 5: 4cm Fe, 
6: 8cm Fe. 
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§ 4. Results and Discussion 


(A) Energy spectra of primary electrons and — 
photons. 

Integral number spectra obtained by con- 
verting mere the pulse height into the number ~ 
of shower particles using (3b), are shown in 
Fig. 4(a) and (b). 

The former gives the spectra for the elect- 
ron initiated showers, and the latter those for 
the photon initiated showers. The errors 
indicated are the statistical ones. As shown 
in the Figs, the integral number spectra are 
well represented by the power law of the 
form 

F2N)=aN”, 
where v’s are listed in Table Il. 

In order to find 7 from these v’s, we must 
know the values of a’s. However, as a’s are 
slowly varying functions of energy, it is 
necessary to find the energy interval of the 
primary electrons (or photons) measured in 
our experiment. For this purpose, we pro- 
ceed as follows: 

i) Barker® obtained an energy spectrum of 
of electrons of 10MeV-400 MeV near sea 
level, and he also gives the absolute vertical 
intensities of electrons with energy higher than 
10 MeV. As to £300 MeV, Chou?) obtained 
energy spectra of electrons and photons near 
sea level up to 2BeV. Since he did not give 
the absolute intensities, ordinate of the Chou’s 
curve was normalized at 300 MeV. Our results 
for electrons may be diretly compared with 
theirs, because the above mentioned authors 
measured the single incident electrons. Thus 
it is found that the absolute intensity is re- 
presented by 

G(E)dE 

=2.2x (y—1)10*EdE/cm?-sec-sterad-BeV , 

(12) 
where E is energy measured in terms of BeV. 

ii) As first approximation, we assume that 
a=1, and y=3, then m=2 by putting m=0 in 
(9a), and that the number of shower particles 
does not fluctuate, i.e., a certain pulse height 
corresponds to a certain value of energy of 
a primary electron. From the counting rates 
observed, the energy interval of the vertically 
incident primary electrons measured by our 
apparatus is estimated to be 3-20 BeV, there- 
by a small correction is applied to the count- 
ing rates for the particles passing through the 


(11) 
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Table II. 
Absorber Material Pb Fe 
Absorber Thickness lcm | 2cm 3 cm 4cm 4cm 8cm 
ad Serber & | | | | 
‘electron | Snyder 1.92 t.30 | 1.03 0.82 1.78 1.15 
| | Ivarienkohniy alc48irlo-|hagl.dBar. | | 1.04 0.96 [.o1 aveek 1-07 
Se a ee Se Se et eee = : 
serber & | | 
Pera Shyist 2.44 | 1.41 | 1713 ORO ae ea g52 es rele 
IvaHsHKO OU ALGO 1001 248. | et 16 1.i 166% PS AO 
| a [ coi #) | | 
| electron | | 2.82+0.25 | 2.2340.12 | 2.03+0.10 | 1.82+0.10 | 2.82+0.25 2.0040.15 
y — : - — ee — e = = 
photon | 2.92+0.25 2.2340.12 | 2.0340.10 | 2.07+0.10 | 3.1040.25 | 2.1040.12 
centoe | SS |} 2.4740.13 2.6740.09 | 2.9740.10 | 3.22+0.12 | 2.58+0.14 | 2.7440.13 
ron | 
| I 2-91 £0.47 | 2.94+0.10 | 2.95+0.10 | 2.9040.11 | 2.8740.17 | 2.8740.14 
if == = —s eno mots a = ri 5 | 
as S.S 2.20+0.10 2.58+0.09 2.8040.90 | 3.3040.11 | 2.32+0.09 | 2.654+0.12 
oton 
vere] I 2.8340.16 2.80+0.10 | 2.7540.09 | 2.85+0.09 | 2.87+0.15 | 2.75+0.13 


ineffective spaces between GM-counters of 
trays A and B (i.e. a part of the uncertain 
events mentioned in §3, A). Therefore, we 
use as the values of a@’s those between 2 BeV 
and 20 BeV, taking into account the obliquely 
incident particles. 

The values of a’s are obtained graphically 
from the calculated results by Sneider and 
Serber®”, and from those by Ivanenko!”:’. 
The results are listed with the values of »v’s 
in Table Il. As the values of Mia(Eo, 0, %) 
for photon initiated shower are not described 
in Ref. (10), we calculate them by the approxi- 
mation formula indicated in it. 

As shown in the Table, using Ivanenko’s 
calculated results the almost constant value of 
y is obtained for various thickness of lead 
and iron absorbers. 

Thus, the values of 7’s are obtained as fol- Zenith angle 
lows: Fig. 5. Zenith angle distribution. 

ti —— | ee 0 ota — 


Number of events 


72902 0.05 for electrons (13) 


7»—=2.80+0.05 for photons , Fig. are the calculated distributions for our 


: metry obtained by assuming cos” @ distri- 
ffi h wantiz, S°Ome : 
Recto ne suinnamane fh expressathend bution. In the case of other thicknesses, 


i ively. : 
piessforelectrons.and photons ReSReCHe a similar results were obtained. The mean 
(B) Zenith angle distribution of primary  ajye of m thus obtained is 


loa dali : m=0.00.5 2cm, 3cm and 4cm lead and 
Concerning the electrons which produced gan eR 4) 
pulse height of more than 2/3 Po—a@, we plot- _ 2 
ted the projected zenith angle distribution According to (9a), these figures give =2+0.5. 
obtained by the discharged GM-counters in (C) The ratio of the number of electrons and 
trays A and B. Fig. 5 is an example for photons 
2cm thickness of lead, and the curves in the Substituting in (9) the values of y’s, m and 
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a’s, and assuming the relation (5), the values 
of 7’s are determined for various thickness of 


absorbers. The results thus obtained are as 
follows; 
Nen=2.2 for 1cm thickness of lead, 


for 2, 3 and 4cm thickness of 
lead, 


for 8cm thickness of iron*. 


Nev=3.0 


Dre lel 
(15) 
It would be noted that the value of 7p» is 
same for every thickness of lead thicker than 
Dray (Cis Ce 
Assuming the same angular distribution for 
photons as that of electrons, the following 
value for ce/cp is obtained, 


BYE VAOs SA 4 


Of course, this value is the upper limit of 
the ratio, because we cannot separate indivi- 
dually the particles consisting of a narrow 


(Scale tor a) 


(Scale for b) 


Rate per hour 


1072 
100 N |{O000 


Number of shower oarticles 


10 


Fig. 6. Number spectra of shower particles. 
a: single incident electron 
b: multiple incident electrons and photons ab- 
sorber thickness: 2cm Pb. 


* According to the calculated results of Iva- 
nenko!), 7re=1.0 for 4cm thickness of iron, and 
Nre=1.4 for 8cm iron. 
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bundle of electrons and photons, which may | 
likely occur in the case of high energy soft | 
component. 


(C) Multiple incident electrons and photons. 

The integral number spectrum of the shower 
particles, initiated by multiple incident elect- 
rons and photons under 2cm thickness of | 
lead, is shown in Fig. 6, and that of single © 
incident electrons under the same absorber is © 
also shown in the same figure for comparison. 
Though, as seen from the Fig., the exponent 
of the multiple events is a little lower than 
that of single incident events for smaller JN, 
we can say little about the composition of the 
particles and the energy of each particles in 
multiple events. Hewever from the ratio of 
multiple events to single events tabulated in 
Table III, we may conclude that the major 
part of the particles in multiple events has 
not so high energy that it is considerably 
absorbed between 2cm and 3cm thickness of 
lead. 


(D) Aigh energy electrons and photons as- 
sociated with EAS. 

The number of the events which are as- 
sociated with EAS of 4>4/m? and do not con- 
tain any penentrating particle is within 2% of 
the total single events for the pulse height of 
2/3 Po—a@ and for various thickness of 
absorbers. If all the events associated with 
EAS of 42>4/m? and containing some penetrat- 
ing particles are interpreted as the events pro- 
duced by high energy electrons or photons 
incoming simultaneously with some penetrat- 
ing particles, the above percentage value is 
raised to 11% of the total single events. This 
is the upper limit of the number of high 
energy electrons and photons associated with 
EAS of 4>4m-?. 

In Table III, we summarized the rate of oc- 


currence of each kind of event obtained in 
our measurements. 


(E) Errors involved in the data. 

a) Nuclear interactions. 

Nuclear interactions in the absorber which 
give rise to some z°-mesons of high 
energy only, or these z°-mesons and some 
charged z-mesons of energy <380 MeV, are 
classified in our criterion as the multiplicative 
showers initiated by primary electrons and 
photons. The amount of these interactions 
was estimated by comparison of the results 


High Energy Soft Component 1183 
Table III. No. of Events >2/3 Py—a (© ihn), 
Absorber Material Dat: Pb Fe 
Absorber Thickness lcm ae | 3cm 4cm ' 4cm | 8cm 
Electron shower | 2.284+0.17 | 3.87+0.20 | 3.3040.16 | 2.57+0.17 | 1.58+0.13 | 2.02+0.20 
pores shower | 1.96+0.16 | 3.14+0.18 | 3.42+0.16 | 2.214+0.16 1.40+0.12 | 1.82+0.19 
Multiple events /-1.88+0.15 | 3.0940.18 | 1.3440110 | 1.0640.11 0.1440.04 | 0.25+0.07 
E.A‘S. associated shower | 0.04+0.02  0.10+0.03 0.05+0.02 | 0.04+0.01 | 0.034 0.01 0.04+0.02 
Penetrating shower 0.85+0.10 | 0.92+0.10 | 1.0540.09 | 1.10+0.11 | 0.35+0.06 0.8340.13 
| ” (E.A.S. associated) 0.40+0.06 0.45+0.07 | 0.6140.07 | 0.88+0.09 | 0.2740.55 | 0.22+0.13 
Uncertain events 0.73+0.09 0.9040.10 | | 0.7240.12 


/0.82+0.08 | 0.7040.09  0.654:0.08 


obtained for the electron (or photon) initiated 
showers under 2cm Pb and 8cm Fe at sea 
level with those at mountain altitude (2770 m 
a.s.].), as will be mentioned in the succeeding 
paper. According to it, errors due to the 
‘nuclear interactions are at most 3% of the 
| total electron (or photon) initiated showers at 
all energy even for 4cm thickness of lead 
and ~10% for 8cm thickness of iron absorber. 

b) Penetrating showers. 

As mentioned in §3, we classified the 
events, in which one or more GM-counters in 

tray F discharged, as the penetrating showers. 
There is, however, some probability that 
low energy cascade photons discharge them 
under 15cm thickness of lead. This probabi- 
lity is small for E<10BeV, but increases 
rapidly with the increasing primary ener- 
gy.1”.10 Therefore, the deviation of the ob- 
served frequency from the power spectrum 
with constant exponent for large N, as seen 
in the Fig. 4, does not necessarily mean that 
the value of y increases with increasing JN, 
and it is rather reasonable to consider that 
the power law with constant 7 is valid for 
the energy range measured. 

Further, among the penetrating showers 
defined by §3, there will be some events in 
which high energy electrons (or photon) are 
incident on the absorber associated with the 
penetrating particles, and by appearance they 
seem to be the penetrating showers. Indeed, 
there are some pictures in which an electron 
(or photon) and a penetrating particles are 
incident in parallel. Though accurate probabi- 
lity of these events cannot be obtained, we 

estimate from the parallel events that it is 
smaller than 5% of the total number of the 
penetrating showers of our classification. 


’ iron absorber respectively.'” 


The accidental coincidence of electron (or 
photon) showers with penetrating particles, 
resulting from the resolving time of the hodo- 
scopes (30 sec) is less than 0.2% of the total 
number of the penetrating showers. 

c) Criticism of the assumptions 

We assumed Poisson’s distribution for the 
number of shower particles emerging beneath 
the absorber. This assumption may be ap- 
proximately valid for large N and near the 
shower maximum, except at small ¢. In our 
experiment where the energy range measured 
is 2-20 BeV, the above mentioned conditions 
may be fulfilled for t=3~8. The assumption 
that g is a constant for various thickness and 
for Ey), and 7 a constant for &o, may not be 
valid, nevertheless, we obtained a constant 
value of 7 for various thickness of lead, ex- 
cept at small ¢. This may be interpreted as 
the product g7 is nearly constant for various 
thickness and for &o, because at higer energy 
g becomes larger owing to smaller spread of 
shower particles, and 7 becomes smaller ow- 
ing to the shower particles of higher energy. 
The value of gv is 2.36 and 1.32* for lead and 
Further, it will 
be noted that the iron plate of the ionization 
chamber and the alminum wall of GM-counter 
in tray C absorb electrons of energy lower 
than 5.5MeV, and so, in the case of lead 
absorber 7 involves this effect.*” 

(F) Comparison with others. 

Energy spectrum up to 100 BeV of the soft 
component at sea level was reported by 
Carmichael.‘ According to his result, integral 
energy spectrum beyond 1.6 BeV is repre- 
sented by a power law of slope —2.00. This 
result is not inconsistent with ours, taking 


~* Referring to (13), this value is 1.11. 
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into consideration that, though he measured 
electrons, photons, and multiple events in our 
classification as a whole, they have the nearly 
same exponents. Concerning to the zenith 
angle distribution, Barker® obtains cos’ @ dis- 
tribution for electrons of lower energy. The 
value of the power for electrons of higher 
energy is less by one, and it will be discussed 
in relation to the origin of the high energy 
soft component in the succeeding - paper. 
Chou”) reported that the ratio of the number 
of electrons is about one, and our results are 
in accord with his results too. 


§5. Conclusion 


Concerning the electrons and photons 2-20 
BeV, the following points are concluded: 

(1) The differential energy spectra of elect- 
rons and photons are represented by the power 
law, the values of power are 2.90-£0.05 and 
2.80+ 0.05 for electrons and photons, respec 
tively. 

(2) Vertical intensities of single incident 
electrons and photons of the above-mentioned 
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energy interval are 


G.(E)dE=(4.1+0.4) x 105E-*-°°dE/cm? sec. 
sterad. BeV for electrons 

G,(E)dE=(3.7+0.4) x 10°E-dE/cm? sec. 
sterad. BeV for photons, 


Multiple events and the soft component in 
EAS will increase these figures by a factor 
of 1.15 at most for the intensities of the total 
electrons and photons. In Fig. 7 the above 
mentioned results are summarized and il- 
lustrated. 

(3) Zenith angle dependence of a single 
electrons is expressed by cos” @ where v is 
2103205, 

(4) The upper limit of the ratio of single 
electrons and photons is 1.1+0.1 at 1 BeV. 

(5) The number of shower particles under 
the absorber is reduced by a factor of 1/3 and 
1/1.4 for lead and iron respectively, comparing 
with the theoretically expected number. 

(6) The total number of shower particles 
under lead absorber calculated by Ivanenko 
gives consistent results for our experimental 
data. 

The author wishes to express their apprecia- 
tion to Prof. O. Minakawa for encouraging 
him for this work and for valuable advice. 
He also wishes to thank Mr. Maeda and Mr. 
Watanabe for assistance in carrying out this 
work and analysing the data. 
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Several A,[M(CN).]-3H,O type cyano-complexes belonging to the crystal 


class Cy, were studied to examine ferroelectricity. 


Isomorphous sub- 


stances obtained through replacing the Fe++ ion by Rut+, Os++ and 
Mn++ ions show ferroelectric behavior below —14°C, —2.4°C and —40°C 
respectively. Ferroelectric behavior of these compounds are very simi- 
lar to that of the potassium ferrocyanide trihydrate, reported before. 
The potassium ferrocyanide group ferroelectrics has ferroelectric axis 


parallel to [101] direction. Ferroelectric transition of these substances 


is probably of the second order. 


Introduction 


In the previous paper,” we reported the 
ferroelectric behavior in potassium ferrocya- 
nide trihydrate, K.{[Fe(CN)s]-3H:O of which 
crystal class is monoclinic Cz, and space 
group is C2. at room temperature. The fer- 
roelectric hysteresis loop was observed under 
the application of electric field parallel to 


[101] and [101] direction. We could not, how- 
ever, determine the direction of ferroelectric 
axis, and the reason why the multiple peaks 
appear in the dielectric constant versus tem- 
perature curve was not understood. 

Some problems in the ferroelectric proper- 
ties of potassium ferrocyanide trihydrate were 
reexamined, in parallel with the attempt to 
search new ferroelectric substances in its iso- 
morphous cyano-complexes. 


2. 
We growed single crystals of the cyano- 
complex substances, which have Ai[M(CN)6] 


Specimens 


-3H2O type chemical composition and belong 
to the crystal class Cz,. In this paper, we 
will report the ferroelectric behavior in potas- 
sium ferrocyanide trihydrate and its iso- 
morphous substances obtained through replac- 
ing the Fet+ ion by Ru++, Ost+ and Mn**. 
Method of preparation of these compounds, 
solubility and dehydration versus temperature 
curves will be reported in another paper.” 
The crystals were cut perpendicular to the 
cleavage plane (010) and silver-painted to 
measure the dielectric properties. 

The evaporated metal electrode was not 
used, as the evacuation brought about some 
dehydration of the crystals. Dielectric con- 
stant was measured by tuning method in 1 
MC. Hysteresis loop in 50cps was measured 
by ordinary Sawyer and Tower’s circuit. 
Ferroelectric behavior of the isomorphous sub- 
stances obtained through replacing some part 
of the potassium ions by other mono-valent 
ions will be reported subsequently. 
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Table I. Axial ratio and optical constants of A,{M(CN).]-3H,O0 type cyano-complexes 
belonging to the crystal Class of Co, 
substance a:b:¢ | B 2V | 6 
: | ° 
K,[Fe(CN).]-3H,O 0.3936:1:0.3943 90°2/ TRS MOY | Syl)! 
K,[Ru(CN).]-3H2O 0.3936:1:0.3948 90°6! ayn)! | 322107 
o fe} , oO / 
K,[Os(CN)¢]-3H20 0.3929:1:0.3941 90°6’ AWS |, 30°10 
§3. Experimental Results For a selected normal single crystal, the 


(1) Optical anomaly 

Fig. 1 illustrates the external form of the 
crystal, crystal axes a, b, c, and optic elasticity 
axes X, Y, Z for complexes listed in Table I. 
The optical angle 2V, and the angle between 
[101] and X axis, 0, in the table, are quoted 
from a literature. 


(1073 
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wee Optic axis Optic 


a 7 xis 
xX 
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Fig. 1. Crystallographic axes a, b, c, optic elastici- 
ty axes X, Y, Z and optic axes of potassium 
ferrocyanide trihydrate and its isomorphous sub- 
stances. 


Optical anomaly is frequently observed in 
these crystals. From the Table I, potassium 
ferrocyanide single crystals are supposed to 
give a value of 101°50 for the optic axial 
angle 22=z—2V. In some small crystals 22 
is approximatly equal to this expected value, 
but all the large crystals give smaller angles 
than this, and in the extreme case, the cry- 
stals seem as if they are uniaxial. Hereafter, 
we will denote the former class as “normal” 
crystals and the latter two classes as “ab- 
normal” crystals. 


(2) Ferroelectric Behavior 
Ferrocyanide 

In the previous paper, we reported the 
small signal dielectric constant, spontaneous 
polarization and coercive field versus tempera- 
ture in potassium ferrocyanide trihydrate 
crystal. In the curve of the dielectric con- 
stant, three conspicuous peaks at — DIC 
—26°C and —33°C and two smaller peakes at 
—43°C and —80°C, were shown. The speci- 
men used in the previous work was found to 


be an abnormal crystal with very small optic 
axial angle. 


in Potassium 


multiple peaks vanish except only one peak 
which turned out to correspond to the Curie 
point, as shown sinwFig.J2. sche figuverin- 
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Fig. 2. Dierectric constant of K,[Fe(CN).]-3H,O0 
as a function of temperature. 
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field along [10{] direction of K,[Fe(CN).]-3H.O 
as a function of temperature. 


1960) 


cludes the measurements along three direc- 
tions, [010], [101] and [101]. A remarkable 


anomaly in [101] direction is observed at 
—24.5°C, but we can see no more than very 
weak anomaly in two other directions. 

In the abnormal crystals, ferroelectric 
hysteresis loop appears in [101] as well as in 
[101] direction, while in normal crystals it 
can be observed only in [101] direction. Fig. 
3 shows the curves of spontaneous polariza- 
tion and coercive field strength of the normal 
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Fig. 4. Dielectric constant of K,{Ru(CN).]-3H:0 
as a function of temperature. 
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crystal, as a function of the temperature. 
An abrupt increase of the spontaneous polari- 
zation, as seen at —33°C in the abnormal 
crystal, disappears. The spontaneous polari- 
zation of the normal crystal is two or three 
times as large as that of the abnormal crystal, 
and the coercive field of the former crystal 
is about a quater of that of the latter one. 


(3) Ferroelectricity in potassium rutheno- 
anc osmo-cyanide trihydrate complexes 

Fig. 4 and 5 show the temperature depen- 
dence of the small signal dielectric constant 
observed in the normal crystals of potassium 
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rutheno- cyanide trihydrate, K.[Ru(CN)s]-3H20 
and potassium osmo-cyanide trihydrate, 
K.[Os(CN)s]-3H2O, respectively. In the curve 


measured along [101] direction, remarkable 
peaks appear at —14°C for the rutheno- 
cyanide and —2.4°C for the osmocyanide. 
These peaks correspond to the one observed 


at —24.5°C for potassium ferrocyanide. 
Spontaneous polarization and coercive field 


along [101] direction are shown in Fig. 6 for 
the ruthenocyanide and in Fig. 7 for the osmo- 
cyanide. In the [101] and [010] directions, 
the hysteresis loop does not appear in the 
whole temperature range of measurement for 
two substances. By and large, the properties 
of these crystals are very similar to those of 
the normal crystal of potassium ferrocyanide. 
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Fig. 8. Dielectric constant of K,{Mn(CN),]-3H,0 
as a function of temperature. 


| 
“120 = 100) 


(4) Ferroelectricity in potassium mangano- 
cyanide trihydrate complex 

Fig. 8 shows the temperature dependence 
of the small signal dielectric constant of 
potassium manganocyanide trihydrate, K.{[Mn 
-(CN)e]-3H:O. There are two peaks at about 
—40°C and —58°C in the curves measured 


along [101] and [101] directions. Ferroelectric 
hysteresis loop appears in both directions be- 
low —40°C. The existence of conspicuous 
peak of dielectric constant at other tempera- 
tures than Curie point and the existence of 
the ferroelectric hysteresis phenomenon in 


both [101] and [101] directions are quite simi- 
lar to the dielectric behavior of abnormal 
potassium ferrocyanide crystal having small 
optic axial angle 22. This crystal is suppos- 
ed to be also an abnormal one having small 
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optic axial angle. Since the color of thi 
crystal is dark violet, conoscopic observatio 
of the interference figure was unsuccessful. — 

Spontaneous polarization of this crystal i 
very small and coercive field is very large. 


§ 4. Discussions | 

In the preceding sections, we see that the: 
normal single crystals of three isomorphous: 
cyano-complexes exhibit remarkable dielectric 


anomaly and hysteresis loop only in the [101}) 
direction. The fact shows that the ferro-: 


electric axis lies along [101] direction. On) 
the other hand, when the crystals have opti-- 
cal anomaly, dielectric anomaly and hysteresis } 
loops are observable in two independent dire- | 
ctions, and furthermore peculiar peaks appear ’ 
in the dielectric constant versus temperature} 
curve. These discrepancies, which makes) 
the situations complicated, will be explained. 
in connection with the cause of the opticai. 
anomaly. Discussions on the optical anomaly > 
related to the X-ray study will be reported 
in a subsequent paper. 

Change of the spontaneous polarization near 
the Curie point as seen in Fig. 3, 6 and 7 
suggests that the transition in these isomor- 
phous substances is probably of a second 
order. 

Covalent radii of Fett, Rut+, Ost+ and 
Mn++ having octahedral coordination are 1.23, 
1.33, 1.33 and 1.12A respectively, while the 
Curie points of these four ferroelectric com- 
plexes are —24.5°, —14°, —2.4°, and —40°C 
respectively. Hence, it may be concluded 
that the ferroelectric transition temperature 
increases with increasing the ionic radius of 
the complex ion M(CN),.-—--. 


$5. Conclusions 


1. Potassium rutenocyanide, potassium 
osmocyanide and potassium manganocyanide 
show ferroelectric behavior below —14.5°C, 
—2.4°C and —40°C respectively similar to 
that obtained for potassium ferrocyanide. 

2. Ferroelectric transition of these sub- 
stances is probably of a second order. 

3. As the ionic radious of complex ion 
M(CN).s---- of potassium ferrocyanide group 
ferroelectrics becomes larger, ferroelectric 
transition temperature shifts toward the 
higher side. | 

4. There are remarkable differences in 


( 1960) 


ferroelectric behavior between norma] crystals 
having the normal optic axial angle and ab- 
{normal crystals having smaller optic axial 


fangles. Only in [101] direction, normal cry- 
| stals show dielectric anomaly and hysteresis 
| loop. 


5. Ferroelectric axis of these substances is 


i parallel to [101] direction. 


The authors are very grateful to Dr. H. 
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A semi-classical theory is given for explaining the characteristics of 
the interaction of conduction electrons with acoustic waves in many- 
valley semiconductors such as n-Ge. In general, the ultrasonic absorption 
coefficient can be written as 

A=AptAr , 
where ‘Ap is due to the change of the deformation potential energy of 
electrons caused by net intervalley transitions, 4x due to the change of 
the kinetic energy caused by intravalley transitions. The acousto-electro- 
motive force can be also written as 

JUS Usa he © 
In the low frequency range the dominant terms are 4p and F’p, but AK 
and Fx predominate in sufficiently high frequency range. For longi- 
tudinal waves propagating in the <110> direction and transverse waves 
propagating in the <100> direction and polarized in the <010> direction, 
F is identical with the formula of Weinreich-Sanders-White in the low 
frequency range. But in contrast to their formula, F’ does not decrease 
in the high frequency range owing to the increase of F’x and has the 
same order of magnitude as that for longitudinal waves in simple semi- 
conductors. In special cases such as for longitudinal waves propagating 
in the <100> direction and transverse waves propagating in the <110> 
direction and polarized in the <1{0> direction, 4p=F'p=0 and then the 
interaction becomes essentially identical with that in simple semicon- 


ductors. 
§1. Introduction which is in good agreement with their experi- 
Recently, Weinreich-Sanders-White” have ments. There remain some questions, how- 


derived a correct formula for the acousto- 
electric effect by transverse waves in n-Ge 
using so-called phenomenological approach, 


ever, about the applicability of their phenome- 
nological approach, because (a) it ignores the 
effect of the motion of the impurity charge 
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and (b) it may be:applicable only to the low 
frequency range i.e. g/<1, where g is the 
wave number of acoustic waves and / the 
mean free path of conduction electrons. In 
fact, as has been shown in the previous 
paper”, Weinreich-Holstein’s phenomenological 
approach» for longitudinal waves in simple 
semiconductors was applicable only under two 
conditions; (a) CSmop?/q and (b) g<l, 
where C is the deformation potential constant, 
m the effective mass, wr the plasma frequen- 
cy of conduction electrons. 

The object of this paper is to apply a self- 
consistent semiclassical method to many-valley 
semiconductors such as m-Ge and to clarify 
the characteristic features of the interaction 
of conduction electrons with acoustic waves. 
The Brillouin zone of Ge is a truncated octa- 
hedron and the minima of conduction band 
lie on the edges in the <111> direction. Then 
n-Ge has eight half-valleys, i.e., four valleys, 
the deformation potential of which is given 
by® 

U® =[F adi t+ Fuk Ks |uay , (el ah) 


where Za and 4, are the deformation poten- 
tial constants for the dilatation and the un- 
iaxial shear respectively, Ki‘ the i-component 
of the unit vector pointing from the center 
of the Brillouin zone to the (@)-valley, mw: the 
(i, 7)-component of the strain tensor. It will 
be sufficient for the object of this paper to 
consider following four cases. 


(A) Longitudinal Waves: 
(Al) Asymmetrical two class case. For 
longitudinal waves propagating in the <110> 
direction, for example, four valleys are clas- 
sified into (+) and (—)-classes, the deforma- 
tion potentials of which are 
UO =(8a+44ut48u)uu=(Gat3eu)un > | 
UO= (Sat 45u—35uuu=Zaun , ) 
Gi) 
respectively. Then net interclass transitions 
may take place between two classes, similar- 
ly to (B1)-case. 
(A2) Simple case. For longitudinal waves 
propagating in the <100> direction, for exam- 
ple, the deformation potentials are the same 
for four valleys and are given by 


U=(Sa+38u)uu . CES) 


Therefore, if we take the directionally aver- 
aged effective mass and intravalley relaxation 
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time, the interaction in this case is essentially | 
identical with that in simple semiconductors 
discussed in the previous paper”. i} 


(B) Transverse Waves: 

(B1) Symmetrical two class case. For trans- 
verse waves propagating in the <100> direc- 
tion and polarized in the <010> direction, four 
valleys are classified into (+) and (—)-classes, 
the deformation potentials of which are 


UH=+i Buu; , (1.4) 


respectively. This case was studied by Wein- 
reich et al.’ from a phenomenological point 
of view. 

(B2) Simple case. For transverse waves pro- 
pagating in the <110> direction and polarized 
in the <110) direction, the deformation poten- 
tials of valleys are all equal to zero. There- 
fore, if we take the suitably averaged effective 
mass and intravalley relaxation time, the 
interaction is essentially identical with that 
in simple semiconductors. We shall study 
the characteristic features of many-valley 
semiconductors i.e. (Al) and (Bl)-cases in this 
paper. 

In §2, the basic equations of the semi- 
classical approach are solved for these cases. 
The numerical estimations and the approxi- 
mate expressions for physical quantities in- 
volved in the basic equations are tabulated 
in §3. In §4, we shall calculate the ultra- 
sonic absorption and the acoustoelectric effect 
for various frequency ranges. Some physical 
discussions of the results obtained will be 
given in the last section. 


§2. Basic Equations 


We make the following assumptions through- 
out this paper. 
(a) We consider only the case of one carrier. 
Then the recombination of electrons and holes 
is neglected. 
(b) Following effects induced by acoustic 
waves are ignored; (bl) ionization of electrons 
from impurities and (b2) recombination of 
electrons with charged impurities. 
(c) The anisotropy of the effective mass and 
the relaxation time in each valley is taken 
into account, by using the directionally aver- 
aged quantities of them. 
(d) The relaxation time of the distribution 
of electrons in each valley, co, is written as? 


1/to=1/t14+1/r’ , (21) 


1960) 


where t: is the intravalley transition time 
and t’ the intervalley transition time. The 
velocity dependence of t: and rv’ are neglected. 
(e) We classified the loss mechanism of the 
acoustic energy into two parts. One is due 
to the change of the deformation potential 
energy of electrons caused by the interclass 
transition. When the local fluctuation of the 
number density of electrons in (+) or (—)- 
class, 2+) or n@, deviates from the local 
equilibrium fluctuation, $f? or n{7’, n‘*) re- 
laxes to 7 in the interclass relaxation time 
t, being accompanied with the energy transfer 
from acoustic to lattice systems. The other 
is due to the change of the kinetic energy 
caused by the intravalley transition. When 
the distribution function f of electrons in 
each valley deviates from the local equilibrium 
distribution fo, f relaxes to fo in the intra- 
valley relaxation time to, being accompanied 
with the kinetic energy transfer. Two loss 
‘mechanisms are assumed to be independent 
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of two terms. 


(f) The local equilibrium fluctuations, $/? 
and m;;’, associated with net interclass relax- 
ation are determined by two assumptions. 
(f1) The ratio of nSf? and n° is determined 
by the Boltzmann factor of the difference of 
the deformation potentials between two classes. 
This assumption does not hold for a degener- 
ate electron gas. 
(f2) It is assumed that intervalley transition 
has no influence on the distribution of electrons 
in r-space in the first approximation. Then 
the sum of $7? and Sj? can be put nearly 
equal to (u1\+n@). The assumptions (e) and 
(£2) may be verified from the fact that rt. 
Making use of these assumptions, we shall 
solve Maxwell’s equation, the equation of 
continuity and the Boltzmann equation, for 
the self-consistent determinations of 7'*) (local 
fluctuation of the number density of electrons), 
FE (internal electric field) and J‘*) (internal 
current density). Maxwell’s equation is writ- 


vand then total losses are given by the sum ten as 
+2 
S(I-Ne ut | =—-2. curleurl E, (2.2) 


~where N, is the number density of ionized impurities and equal to the density of electrons 
in equilibrium, € the dielectric constant, c the light velocity, e the charge of an electron. 
‘Since the local velocity of ionized impurities varies as uxexp [i(wt—qr)], we get from (2.2) 


E, _ tor my) eon sso dace u) : (3a) 
we Noe 
miko? /JaP+ fr ) ey) 
2h ur), (2.3b) 
Es Geto ( Noe 


“where the subscripts || and | refer to components parallel and perpendicular to gq taken in 
z-direction, respectively, and we put 


op? =4r No e?/myE 5 } (2.4) 
koe =14nN Cot/mic . 
In (2.3b) we neglect the displacement current. ; 
The equation of continuity in each class is given by 
at [nels ae ( ayy, 


where R(==— -+) means the rate of net interclass relaxation.» From the assumption (f), the 
local equilibrium fluctuation associated with the interclass transition is determined by 


(No/2-+nSt)/(No/2+n6q) =exp [—(U  — er Is, 


a (=) 
oH et 


(2.6) 
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noty oy NoAqu (2.7) 


C2) — 
Meg oy, “MAToe eae 


where k is the Boltzmann constant, T the absolute temperature and we make use of the 
relations, 


U*®)=C#uij=—C* qu/o - A= OCPETOOS E 


In (2.7) and hereafter, « means uw or uw, according as it is concerned with longitudinal or 
transverse waves. Then 


Te 


2 4kTo pal 


where it is taken into account that only two or three intervalley transitions belong to the 
interclass transition, i.e. the interclass transition time te=3r’/2. The factor 2 in a numerator 


in the right hand side of (2.8) is due to the fact that one interclass transition gives rise to | 


a decrease of (n‘—n‘) by 2. Defining the interclass relaxation time as r=r./2, we obtain 
from (2.5) and (2.8), 


(1+imr) 4kTw 


A 
ied yey ese aaa ee fies Aaa (2.9) 


For the electrons in each valley, whose equilibrium concentration is N= WN,)/4, the Boltz- 
mann equation is written as 


Ot 


where 


Ey SB <iCgujee j= Fi’ = BS (2.11) 


The distribution function is solved as 


Ff =fo(\v—u|)—¥(v) -0fo/Ov , 
Fo(v)=exp [34m(vi2—v?)/RT] , 


nt=( | In | aan (ar) (en , 


(yp) = [(eE’to/m) +u] (v/v) + (nv2/3.Nv) Tes sf —) 


(2.12) 


where 


1+ t@to—igtovz v 3Nv (2.13) 


Vo? =3kT/m\, , 


and /2 is the Planck constant. For longitudinal waves in (Al)-case, we get 


(vy) =24 = a 1 0 


4 ee Oar ee 
ql ies resthe ca ie el Poe (2.14) 


where we put for brevity 


E\\c - Crog?u, nv 
Ass ee ey B=——_ 
M\ a) ee 3N aD) 
and 
a=ql/(1+iaro) , l=vov , X= COS GO : 


For transverse waves in (Bl)-case, 


ay D)f+= (By) f= — ee (2.10) 
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| aA 
¥(v) ee cos $— #11/1 — x? cos¢ 
aA, ba aB_ ev i Vo 
neces? ; A eee | ey 2 ee 
qd’ = 1-iax a qv 1—iax z vy ee 
where 
Aen PEN ET fa ane be (egal eod ta (2.17) 
My mM Mm \\ oO 


The local current density is calculated from (2.14), (2.16) and the current expression, 


Te Ney [wr LOFT (2.18) 
as follows; 
ie smal +i iB), J.=0 (2.19) 
qlo 
for longitudinal waves and 
; (ae if zy iB), gf ee as (2.20) 
qlo qlo 


for transverse waves. In (2.19) and (2.20), modified Pippard’s functions® fo and go are used, 
and their approximate expressions for various frequency ranges are given by 


3 = —-(qle) = (ale) (qlo<1) , 


ae alee lin qh)! (qh), (2.21) 
=] — 3(@t0/qlo)? (To > 1) 
and 
Lo=1 — = (alo) (qlo <1) , 
1/ ‘ 
=() * (glo (qlo>1), (2.22) 
2 
= 3(wto/qlo)? (oto>1), 
where 


lé=tTovos ao =qlo/(At+iots) . 


The. self-consistent solutions for 2'*, H, J‘*) can be obtained from (2.3a), (2.3b), (2.9), 
(2.19) and (2.20). They are arranged as follows: 
(A) Longitudinal Waves; 


fut. (Q, = Quy (2.23) 
es aNinti( a, oe (2.24) 


4 Z 
pe 1OP?M|\U\| Oe, (2.25) 
we 
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where we put for brevity as 


ie2 


. OT Bo CH Coe (glo)? _ 


(wpTo)” 2 My V0" (wpTo)? 


n= 


. Apo _ 


2 =e 


2kTw 
G={b+ Patio} /{Patio+ 2) 
Gs To Tt To 


(B) Transverse Waves; 


and 


where 


In the limit of 4-0, these basic equations are reduced to those in simple semiconductors.” 


143 gloao(wto) (1-1 Po ) 


3(wpto)*Po OTo 


{(1 tito) —(1+iwr)—1}/{tot por(l+tor)-*} , 


ge 


J\P=F Nous Q:, 
2 
4 qNotts A 
(+)— +} ; 
a ~~ Qa Die 
E =0 


Jr =2fsP =2f, 7 =NoeusP , 


2 
B= "Bits py, 
eq’To 


P= 90 (G+ Ro*)/(g? +20’ Ro?) 5 £0 = WL 0/qlo ° 


§3. Numerical Estimations 


In this section, we take tentatively a sample of mu-Ge for the numerical estimations of 
physical quantities involved in the basic equations. 
taken as 0=5.4gcm-?, €=16, m=0.1m (mo: electronic mass), V=5x105'cmsec"!, Sa=—3.7 
Cyn 4a—l6eV, co—5x<10e2 sec, c=10='see,” P10? key Np —1.0 reme-. 


The values of physical parameters are 
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(2.26) } 


| 
| 


(2.27) 


(2.28) | 


(2.29) 


(2.30) 


(2.31) 


(2.32) 


For later uses the 


approximate expressions of A and B will be given for various frequency ranges, the critical 
frequencies of which are given as follows: 


O50 
@—2e 0 


@3=10!° 


(the frequency at which glo=1) , 
(the frequency at which wto=1) , 
(the frequency at which wr=1), 


o.=2.6X10* (the frequency at which g?=|ho?|) , 


os=1.1x10" (the frequency at which |C‘)+C©|/2=mjar?/¢ 


for longitudinal waves) , 


s=1.6X10"! (the frequency at which vo?=3wp?/q’) . 


First we shall give the approximate expression of the function G in (2.26). 


ot<1, we can put 


where 


G=(1+iorr)!=1—iore , 


If qlo<1 and 


(3.1) 
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Uftr=1/t+ po/to = 1/e+q2D (3.2) 


and D is the diffusion constant”. If gl1, wr1 and wt. <1, G becomes 


if . OF 
Ca fei ae) 3.3 
rh f Do ay) 


Under the condition wt)>1, G approaches po. 


For longitudinal waves, we consider three frequency ranges in which the approximate 
expressions for A and B are given as follows: 


(1) gh<1, or<l, |C%+CO|/2<mior'/¢’, v0? <30r*/¢’; 


Bea a2) nu fh - (glo)? 7 a 3 da) 
< a 3DPo aes @To ee 3 OT opr ‘ ( ; 


le Off 
Bo ~ A 
3 


ee 1 qlo 


4 
: - — (1-1 ie 3.4b 
OT Se = OC ELS eee ( ) 


(2) gh>1, or >1, |CY+CO|/25 mior/g, v0? <30r?/¢’; 


fone By tg Rat, Ca 
Fa ee aT oa ae ighT Taito! | A 

(3) gqhS1, orS1, |CP+CO|/25 my or/@, v0? >30r?/¢; 
Awa <~ ; a (3.6a) 
Bead ES ome oa 


The expressions of A: and B in transverse waves are given in two frequency ranges: 


fale) glo <1, :@c <1; 


ee ee (3.7a) 
aD AESRRS LT mn 
een ; je Lang — (pe (3.7b) 
OT0 

(2) gqh>1, or>1; 

Ay» = - . oe s (glo)? ils (3.8a) 
OTo 
pee ee Se (2 | Ws. (3.8b) 
area WT oo kT Po 

Finally we can put 

Ai*) =u1/g0" (3.9) 


for g?<|k.?| and 
At =u. (3.10) 
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for g> |Ro?|. : 
In the next section, we shall calculate the ultrasonic absorption and the acoustoelectric | 
effect using these approximate expressions for A and B. 


$4. Ultrasonic Absorption and Acoustoelectric Effect 


As has been mentioned previously in § 2, the absorption coefficient by conduction electrons 
is given by the sum of two terms, one due to the change of the kinetic energy and the | 
other due to the change of the deformation potential energy of electrons. The coefficient 
Ap due to the deformation potential can be calculated as follows. When the local fluctuation 
n) deviates from un‘, the potential energy (U‘—U'*)) is transferred to lattice system in 
the interclass transition time tr. owing to one transition. Therefore, the energy absorbed 
per unit volume and unit time We'*) becomes 


= * 
Wet = = Re ie wee (n'®) —n® ] ¢ (4.1) 


Then, 
Ap=2(We'*)+ We)/o|ul?V 
Nd? 


= eR i 
i oe (4.2) 


where we put 


H=( = _ A tior)-1—(1+iwr) 


To (1+iort)/t+ po/to Se 


I=ior/A+ior) . (4.4) 


The formula (4.2) can be applied to both longitudinal and transverse waves. 


The coefficient 4« due to the kinetic energy can be calculated by a similar formula for 
monovalent metals® and simple semiconductors” ; 


ei Ag, (4.5a) 
2m = Ofs ( on 

oes 5 ad (4)(q)]2 

: plul? Veoh \ Ov o | axl do|F(v)|* . (4.5b) 


Total losses are given by 4=Ap+Akx. 

The acoustoelectric effect can be defined as the average dc force exerted by acoustic waves 
on an electron”. Effective forces responsible for the effect have two components, one as- 
sociated with the intravalley transition in each valley and the other associated with the 
interclass transition. Owing to the interclass transition, the acoustic energy density suffers 
an energy loss (U‘+)—U'*) from each of (n+ —n&) electrons in a distance’ Vr;.) This 
means that each electron exerts an effective force —(U'*)—U'‘*)/Vre on acoustic vibrations. 
From the principle of reaction, each electron is exerted the effective force 


X#)={U4)—UP}/2Ve (4.6) 


by acoustic waves. As has been shown in the previous papers,” the acoustic energy density 
suffers also an energy loss mv¥‘*)(v) from an electron with the velocity v in a distance Vro. 


Then in a similar way to (4.6), the effective force associated with the intravalley transition 
is given by 


Y )(v)=mv¥'*)(v)/ Vero . (4.7) 


Thus, the acousto-electromotive force can be written as 
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— i a + Ss i ee = 
eine SS | XM ng) +X VEC 4y ( Tes) 


(+) Ore (+) Ofo 7 (+) = —) Ofo é 
+3 YO*(o)| —%() AES “w){ wip) 3f t]. (4.8) 


which satisfies a well-known relation 
F=Ay/NoeV (4.9) 


(r=ol|u|?V/2: acoustic energy flow density). In the same manner as A, we can write 
FP=Fp+Frxr. 

First we calculate 4p and Fp from (4.2), (4.3), (4.4) and (4.8). The formulae for various 
frequency ranges are tabulated as follows: 


(a) gl<l1, or<1, wr<l; 


2 
Ap ‘ ote( 1-5 a'v0'rt» ) ) (4.10a) 
Ets Ay i 2 2 
<a ote( San ro ) (4.10b) 


ep) glo>1, or>1, oro <1;3 


LV \WARIE MN VoT 
ee ame aah 
digs A0GW Wela\aZ Dot — Fenee 
{c) gls1, otS>1, aot>1; 

3Nod ey a 
A pegs eg A 5 1.124) 

Smet rarck Vo : 
3 ay sigs (4.12b) 
si ApeV4kTr\ vo] ’ : 


which hold for both longitudinal and transverse waves. We can see that the interclass 


transition rapidly decreases as the frequency of waves exceeds We. 
The formulae for 4x and Fx in longitudinal waves are calculated from (4.5), (4.8), (2.14), 


(3.4)-(3.6) as follows: 


mm) gio<i1, wr<l, ICH+4+CO|/2<myor’/@, V0? <30Pr7/¢; 


No 4?aw?to ( 1 Qa) 2 a (4 13 ) 
ae 1 : Loa 
Ay oV8RT Se 3 Q’U0 TR 
Ar wt ( it bd NP) a (4.13b) 
= Ste Vo TR 3 4 
Fz Ape V4kT 3 a, 


(2) gh>1, or >1, A/2kT>|CP+COG/2mior? >1, vo? <3or"/q; 


A, a Neto ( 37 dele, (4.14a) 
sale! VikT 2 Vo 

pipeline (= xrlley (4.14b) 
* Ape V*kT \ 2 Vo 
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(3) gqlS>1, at >1, |CP+COlg/2mjor?>4/2kT, v0? <3ar?/q’; 
Ry lee Co +CO) 


1 
Yah (Ee 
tt ree 2 


1/2 (4) (=) 2 2 
Fen () (So. ahi 


BN 2 2 


(4) gh>1, ot>1, vo? >30r?/¢’; 


Ax=(2z)"{erreic 


ICMP+|(CO/? 


Sy eas 
ee) S27 


It should be remarked that in the low frequen- 
cy range a term due to the electronic vis- 
cosity, 


2 
Ax vis = ane ms (4.17a) 
0 
or 
Fre vis ie (4.17b) 


must be added to (4.13). But this term can 
be neglected in comparison with the main 
term in (4.13). 

The formulae for 4« and Fx in transverse 
waves are calculated from (4.5), (4.8), (2.16), 
(3.7) and (3.8). As is easily seen, Az or Fx 
can be divided into two independent terms, 
one associated with J; and the other associ- 
ated with J.; 1.e. 

Ag=Axj+Ax1 , } 

Fe=FxitFri . 
The formula for each term in (4.18) are calcu- 
lated as follows: 


(A) Ax} and Fx) . 
(CD) Wii, We<<ile 
No 4?2w?r ( 
iy exe 
40 V2?kT 


(4.18) 


if ay es ) ; 
3 
(4.19a) 
i 
il hig Cate ) : 
(4.19b) 


Py = 


~ “ror Ara to Al 
4oeV*kT 


CZ ayes acts 
C2Moaw 


‘ 37 \1/2 | 
aK =( ) ; 
2 0V?kTv9 


Fri oa Cewr 
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The results obtained in this section will bey 
discussed in the next section. 


§5. Discussions 
(A) Low frequency range (ql.<1, wr<1). 
The terms due to the electronic viscosity, 
(4.17) for longitudinal and (4.21) for transverse 
waves, can be neglected in general. Because 
of the fact, ' 
Ap/Ax=Fp/Fx =t/t (5.1); 
from (4.10), (4.13) and (4.19), the terms due 
to the change of the deformation potential — 
energy predominate in the low frequency 


range. The complete formulae can be re- 
written as 
teondVed? 
A= VAT . o(tr+T0) ’ (5.2a): 
pay eee aan a 
= TeV ET o'(tr+To) , (5.2b): 
using the definition of tr in (3.2). This for- 
mula, (5.2b), is nearly identical with Wein- 
reich-Sanders-White’s”, 
Fk o'TR 
4oeV*kT = 1+ (ore)? ’ 0:3) 


which is in good agreement with the experi- 
ment by transverse waves in the low frequen- 
cy range. 
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(B) High frequency range (qh>1, wrS1). 

From (4.11), (4.14) or (4.16) and (4.20), we 
get 

Ap/Ag=Fp/F x = t/t (5.4) 

ie., the terms due to the change of the 
kinetic energy predominate in the high fre- 
quency range. As the frequency increases, 
A and F do not decrease, in contrast to Wein- 
reich-Sanders-White’s formula, owing to the 
increase of Ac and Fx. In the sufficiently 
high frequency range, we can see that each 
valley has independent contributions to A and 
F by the amount of the same order as that 
of longitudinal waves in simple semiconduc- 
tors”) (see (4.16) and (4.20)). The experimental 
check of our theory may be expected in 
future. 


Interaction of Conduction Electrons with Acoustic Waves AOS, 


The author should express his thanks to M. 
Shibuya and W. Sasaki for the valuable dis- 
cussions. 
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A theoretical analysis and experimental evidence show that a source 
of energy for spontaneous whisker growth is the elastic strain energy 
arising from the anisotropy of thermal expansion. Observation of whisker 
growth on a Bragg bubble raft suggests that the growth mechanism could 
be by cooperative repetitive movement of dislocations. The conditions 
for whisker growth from the solid are presented and by fulfilling them 
growths were produced on gold, silver, bismuth, lead, indium, and lead- 
indium alloys. The crystallographic orientations of a number of tin 
whiskers are reported, one of which had a transition between two 
orientations although it was straight. The tensile strengths of several 
tin whiskers were measured and observed to be lower than calculated 


from bending tests. 
observed for an indium one. 


§1. Introduction 


Although filamentary crystals have been 
recognized as an interesting phenomenon for 
over a hundred years,” it is only recently 
that appreciable attention has been focused 
on them by chance observations of new 
forms.”).°. Also, only recently has the know- 
ledge of crystal imperfections become sufficient 
(Oo propose possible mechanisms for their 
srowth. 


The high elastic strain of 5% in bending was 


Filamentary crystals, commonly called 
whiskers, are characterized by (1) their high 
ratio of length to thickness, (2) the presence 
of some with straight sections, (3) constancy 
in cross-section over considerable portions of 
their length, (4) many them being single 
crystals, (5) straight sections which have 
major crystallographic directions as their axes, 
(6) their thickness which is usually within the 
range of 0.01 to 10 microns, (7) and that some 
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are hundreds of times stronger than the metal 
from which they grew.*-”.? i 

Some of the processes by which filamentary 
crystals have been grown are the controlled 
supersaturation of vapor over a suitable sur- 
face,®-! the reduction of metal halides on a 
suitable substrate,®!".42) the chemical reaction 
on a solid,'®!# the precipitation from a solution, 
15)-17),20 the heating of metals,'?)!® and a 
spontaneous action on solid metal.*” This 
paper is concerned with the properties and 
conditions for growth of filamentary crystals 
of the last process. Filamentary crystals 
grown by several different processes are un- 
usually strong,-?.2” but it was crystals of 
this type that were first shown by Herring 
and Galt*) to have unusual strength: they 
bent tin ones to cause an elastic strain of 2 
or 3% at the outer fiber. 

Two recent papers review the various types 
of filamentary growths.*).**) 


$2. Sources of Energy for Growth 


Several sources of energy for the creation 
of the free surface of the filament which 
grows spontaneously from the solid should be 
considered: 

(1) The surface may oxidize to a depth 
sufficient to make the net surface free energy 
negative has been proposed by Frank?®. Thus 
an initial microscopic protrusion would tend 
to grow in order to expose more surface for 
oxidation. 

(2) If the filament is free, or almost free, 
of dislocations and if the bulk material is 
filled with dislocations, the energy of distor- 
tion of the crystal lattice by the dislocations 
becomes available as the whisker grows. 
However, a mechanism for unsnarling the 
many interlocked dislocations to release their 
energy is difficult to imagine. 

(3) The author suggests that a probable 
source of energy is the release of elastic 
strain energy on a scale more gross than that 
of the crystal imperfections, such as disloca- 
tions. The energy could be from micro- 
residual stresses or from externally applied 
forces. All of the metals which have been 
shown to grow whiskers spontaneously from 
the solid, i.e. tin, cadmium, zinc,?! and anti- 
mony** have a common characteristic: They 
all have a high degree of anisotropy in their 
coefficients of thermal expansion as is shown 
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Table I. (Ref. 26) 


| Coefficients of thermal 
T a expansion (x10-8/°C 
Metal pie y - 
parallel to perpendicular 
principal axis to 
zinc 20-100°C | 63.9 iil 
cadmium 20 | 52.6 Ze 
beta tin 20 30.5 yay) 
antimony 20 15.6 8.0 


Fig. 1. Compression-induced growth of filaments 
from between plated blocks. 


in Table I. Such great anisotropy of thermal t 
expansion causes residual stresses in a poly- 
crystalline medium if the temperature is 
changed from that at which it solidified or 
was deposited. 

The following analysis shows that a moder- 
ate stress can provide sufficient energy for a 
whisker to grow. Figure 1 shows a whisker 
growing out from the edge of the plating 
between two plated blocks which are being 
compressed by a stress o. The length of the 
whisker is / and it has a square cross-section 
t thick. As the plating metal moves out from 
between the blocks to form the whisker, the 
separation between the backing surfaces will 
decrease by an amount 6. Assuming the 
plating decreases uniformly in thickness over 
the region under consideration which is 0} 
wide by d long, the volume of the metal ex- 
truded is bdd. The volume of the metal 


extruded must equal the volume of the 
whisker 


bd d=I¢? so d=If/bd . (1) 
For the free surface which is created, 4t/S 
units of energy must be provided, where S 
is the surface energy per unit area. The 
work done by the stress in moving through 
the distance ¢ is obdé. This provides the 
energy for the surface. An additional source 


f energy is the elastic energy which the 
vhisker material had while it was under 
tress between the plates. 


2 
ba G4 pe = 
a toRlt AUS . (2) 


[he term (0°/2E)/t? is much smaller than 
‘bd 6 and can be neglected. Inserting 6 from 
Iq. (1) 

o=A4S/t . (3) 


\ssuming a common value for the surface 
nergy of a metal of 10%ergs/cm? and a 
vhisker of a thickness of 10-‘cm, o=4 x10? 
‘ynes/cm? or about 600 psi. This shows that 
he relief of a very moderate stress can pro- 
‘ide the surface energy needed. 
The applied stress o could be caused by 
‘xternal forces or it could be a residual stress 
aused by interaction with adjacent grains. 
vonsider a metal oriented so that its direction 
ff maximum coefficient of thermal expansion 
3 parallel to the minimum of the adjacent 
‘rains. For a change of temperature 4T, 
his would cause a stress of approximately 
6=4T(Qmax—Qmin)E 
vhere E is the modulus of elasticity. A 
hhange in temperature of only 10°C would 
ause a stress in tin of 10(1.5 x 10-*)7 x 10®°=1000 
si. For this order of magnitude calculation, 
nm average value of E was used. 

The above calculation demonstrates that 
he energy can be easily supplied by residual 
tresses arising from the anisotropy of the 
he coefficient of thermal expansion in a poly- 
rystalline sample. Further evidence that 
xidation may not be essential to the growth 
f filamentary crystals from the solid has 
een found at Bell Laboratories,”* where they 
rew tin whiskers in a highly gettered vacu- 
m of better than 10-*mm of oxygen. A 
ough calculation shows that there was not 
nough oxygen to form a monomolecular 
yyer on a one micron-size whisker a milli- 
1eter long, thus, it is likely that the source 
f energy was from the release of residual 
tresses. 

A demonstration that a source of energy 
or whisker growth exists other than that of 
xidation would be to grow them on a metal 
1at does not oxidize. In Experiment E9-1, 
See Sec. F) gold whiskers grew under an 
xternally applied compressive stress from 
old plated on stainless steel. These whiskers 
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were thin and straight as can be seen in Fig. 
2. Gold does not oxidize although it may 
have an adsorbed monomolecular layer of 
oxygen. Even with an adsorbed layer, the 
net surface free energy is not negative. In 
Exp. E9-2, whiskers also grew from silver in 
pressure clamps at 400°C, which is above the 
temperature for dissociation of silver oxide. 


-~— - —-—— —- - ~ . ay 


Fig. 2. Compression-induced gold filamentary 
crystals. Magnification: 450 with x1/2 in 
reproduction. See Summary of Experiments, 
Exp. E9-1. 


Some metals which readily oxidize, lead, 
indium,””.**) and lead-indium alloys have not 
been observed to grow whiskers spontaneous- 
ly,* but grew them when placed in pressure 
clamps. (Exp. E10-1, E10-2, and E10-3) 

A compressive stress applied to the plated 
surfaces as shown in Fig. 1 greatly acceler- 
ates the rate of growth of whiskers on metals 
on which they also grow spontaneously. This 
was shown by Fisher, Darken, and Carroll?” 
for tin. Appreciable crops of whiskers grew 
within a day instead of the weeks or months 
required for spontaneous growth. Exp. E11-l 
and Ell-2 show that the growth of whiskers 
can also be accelerated on zinc and cadmium 
plate. 

This acceleration of growth by the com- 
pressive stress has been explained as the 


* Whiskers grew on bismuth under pressure, 


Exp. E10-4, but no reports of long-term obser-.. 


vations for spontaneous growth are published. It 
is likely that spontaneous growth would occur at 
room temperature because its diffusivity and an- 
isotropy of thermal expansion is comparable to 
those of the metals which do. 
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effect of the stress gradient in accelerating 
the diffusion of the metal in the bulk to the 
base of the whisker.?”.2® An additional effect 
which could hasten the growth is the reduc- 
tion of the activation energy of the atom 
when it moves from the bulk into the whisker. 
Although it has been shown here that a 
moderate stress can provide sufficient energy 
for the formation of the free surface, it says 
nothing about the rate at which growth pro- 
ceeds. Both oxidation and stress could reduce 
the height of the activation barrier which 
the atom must cross to become part of the 
whisker. 

An additional cooperative action could occur 
with stress and oxidation. A whisker could 
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Fig. 3. The extrusion of a “ filamentary crystal ” 
with a Bragg bubble model. Fig. 3a shows the 
bubbles being forced between two square-corner- 
ed barriers in the upper left and upper right 
corners by a pusher out of view at the bottom. 
Often the movement shown in Fig. 3b occurs: 
A dislocation is created at the left corner and 
moves to the apex position (2) where it aids in 
the formation of another dislocation which 
moves off to the right (3), and then the remain- 
ing dislocation moves up to the right (4), there- 
by depositing another row of atoms to the base 
of the filament. Then the procedure repeats 
from left to right as in a mirror image to add 
the next row. Readjustments occur in the 
parent crystal by additional movements of dis- 
locations to its boundaries. Fig. 3c illustrates 
an alternate action which is often observed. A 
dislocation moves from the crystal boundary 
(3) to join the one already at the apex (2), com- 
bines with it and then the resultant moves up 
and to the right (4) as before. Several other 
repetitive processes also have been observed. 
In the photograph of the bubble model, Fig. 
3a, a dislocation is at position 2 and another 
at position 4 as identified in both Figs. 3b and 
3c 


start by the release of elastic strain energy, 
thereby creating the surface geometry re- 
quired by Frank’s*® analysis and then pro- 
ceed to grow from energy of oxidation. This 
could partially explain the transition from a 
high initial growth rate to the much slower 4 
final growth rate observed by Fisher et al.2” 


§3. The Mechanism for Growth of Fila- | 
mentary Crystals from the Solid 

The continuing movement of a dislocation 

or the repetitive generation and movement of 
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Fig. 4. Transition in crystallographic orientation revealed by polarized light. (Color photograph 


copied through medium (filter. 
duction.) 


Magnification: 


x500 with x2 in printing and x1/2 in repro- 


Di Weg, 1). 
medium green filter. 


Compression-induced tin filaments: 


Fig. 6. Helical tin whisker, compression-induced 
growth. (Magnification: 300 with x1/2 in 
reproduction. 


dislocations have been advanced by Frank’) 
and by Eshelby””), respectively, as mechanisms 
by which atoms could move from the bulk 
into the regular crystalline structure of the 
filament. This is compatible with the obser- 
vation of Arnold?” that growth occurs from 
the base. It may be possible that a cooper- 


polarized 
Magnification: 200 with x2.7 in printing and x3/5 in reproduction. 


light, color photograph copied through 


ative movement of dislocations exists which 
would result in their growth but with less 
dislocation climb. In Fig. 3 a two dimensional 
cooperative movement of dislocations is shown 
to result in the deposition of an additional 
layer of bubbles to the “ filamentary crystal ”. 
It should be possible to conceive repetitive, 
three-dimensional cooperative movements of 
dislocations which could add layer after layer 
to a filament. 

Filaments have been known to grow on 
metals having only one or only a few planes 
of easy slip: tin is tetragonal, and cadmium 
and zinc are hexagonal; therefore, it incor- 
rectly might be supposed that growth can 
occur only on metals having a few slip sys- 
tems. However, Exp. E9-1 and E10-1 show 
that gold and lead, which are face-centered 
cubic metals having many slip systems, grow 
whiskers. 

For those metals which grow whiskers 
spontaneously at room temperature, Zn, Cd, 
Sn, and Sb, the room temperature was be- 
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0.1 mm 


Fig. 7(a). An indium whisker of 0.8. diameter elastically bent to a radius of curvature of 8u. 


See the Summary of Experiments, Exp. S-3b. 
plastic deformation at two localized places. 


tween 0.4 and 0.6 of their melting tempera- 
tures expressed in degrees absolute. Metals 
on which compression-induced growth occur- 
red, indium, lead, lead-indium alloys, and 
bismuth, are in this same range except for 
indium which is even nearer to its melting 
point at room temperature. A rough direct 
correlation can be made between the melting 
points and the activation energies for both 
the rates of diffusion and of creep for metals, 
the interrelated phenomena which cause mass 
transport in solids. Thus, to get sufficient 
mass transport in metals having higher melt- 
ing temperatures, silver and gold, it was 
necessary to use elevated temperatures to 
obtain compression-induced growth. (Exp. 
E9-1, E9-2) 

In compression-induced growth, some con- 
sideration has been given to the effect of the 
pressure gradient in aiding the transport of 
metal to the base.*”.?*) The applied compres- 
sion, probably greatly intensified by the stress 
concentration of the contacting surface dis- 
parities of the plate, is reduced to zero on 
the free filament. The theory of plasticity 
shows that the change in stress occurs in a 
distance roughly equal to the thickness of the 
plate. The effect of this severe pressure gradi- 
ent in compression-induced growth is necessary 
in order to explain the unusual rapidity of mass 
transport. A crude analysis of soft plating 
being squeezed between steel plates shows 
that the gradient is inversely proportional to 
the thickness of the plating. If the growth 
rate is limited by the rate of mass transport 


The indium whisker after failing by sudden 
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under a pressure gradient, the thicker layers 
of plating would grow whiskers more slowly. 
(also gross extrusion of the plating occurs 
when it is thick.) In the experiments by the 
author, it was generally observed that thin 
plating does grow filaments faster but that 
there is a limit to the thinness of the plating 
on which abundant growth occurs. Reasons 
for this limit may be (1) the thickness of the 
plating tends to limit the thickness of the 
filament and the dislocation mechanism may 
have to be a certain critical size to operate, 
(2) the supply of metal available for the 
growth is more limited and also (3) the ratio 
of surface energy needed, to the elastic ener- 
gy released, is less for thin whiskers. (how- 
ever, if oxidation is the source of energy, one 
would expect thinner filaments to grow more 
rapidly because they expose more surface to 
oxidation) Many observations by the author 
indicated that when the plating is thinner 
than 0.00005’ few whiskers grew. 

In Exp. E10-3, compression-induced whiskers 
grew on 64%Pb-36%In and 84%In-16%Pb 
alloys. (weight) Growths on alloys have also 
been obtained by Baker’ on 95%Sn-5%Sb, 
95%Sn-5%Pb, 95%Sn-5%Zn, and 90%-Sn- 
10%Zn. All of his alloys have very little 
solid solubility at room temperature, except 
antimony which has about 3%. Whiskers 
failed to grow on terne plate, 29%Sn-75% Pb, 
by compression-induction in Exp. Ell-4. These 
results indicate that when the extent of two 
phases are of the same magnitude that fila- 
ments may not grow, that when the primary 
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constituent is continuous they do, and that 
alloy whiskers can grow from solid solutions. 

An essential feature of the growth of a 
filamentary crystal from the solid is the 
mechanism of mass transport to its root. 
srowths on alloys may reveal something of 
the mechanism because, if simple diffusion is 
the means of transport, enrichment of one of 
the species of the alloy would be expected in 
the filament because there is usually a large 
difference in the rate of diffusion of the 
species. In Exp. E10-3 on 84%In-16%Pb al- 
loy, the whisker examined had the same com- 
position as the parent metal. This indicates 
that the transport mechanism may not be 
simple diffusion but by some mechanism more 
akin to creep in that the transport of metal 
may be by the movement of dislocations 
throughout the bulk of the metal which 
would cause little or no enrichment. 

Several metals were cast as single crystals, 
bi-crystals, and large-grained poly-crystals and 
then were set aside to see if they would 
spontaneously grow whiskers. According to 
the analysis on the effect of micro-residual 
stress, none would be expected to grow on 
the single crystals but should on the others. 
Exp. P-1 showed that only a few grew and 
that one of the few groups, three whiskers, 
occurred on a small sliver crystal in a speci- 
men which consisted of a very large crystal 
of tin and that the whiskers grew near to 
their interface. Also there was evidence that 
the sample had been plastically deformed in 
handling. While these tests are not conclu- 
sive for the original purpose, they do reveal 
an unusual sparseness of growth. This may 
indicate that the dislocations which form 
during solidification may not be adequate to 
provide a proper array of dislocations for the 
growth mechanism and thus plastic defor- 
mation may be a pre-requisite to abundant 
growth. Growth on a sample consisting of a 
few grains might be expected to occur near 
a grain boundary because the larger thermal 
stresses and the greater diffusivity there 
would supply energy for the growth and aid 
the transport of metal to the root. 


| 
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$4. The Structure of Filamentary Crystals 


X-ray studies on whiskers grown from the 
solid metal have shown that a major crystal- 
lographic direction is along the fiber axis: 
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Zinc and cadmium ones have their hexagonal 
c-axes in the fiber direction.25) Tin has been 
observed to have the [001] and [111] directions 
along the axis; the author in Exp. 0-1 found 
these two orientations and also the [101] and 
[100] directions, and for a Pb-In alloy [111] 
(Exp. E10-3c). 

It has been postulated by Levy*” end by 
Baker'!® and reasonably substantiated that the 
“kink” angies between straight segments of 
whiskers can be correlated with their proba- 
ble crystallographic axes. However, Fig. 4, 
presents a tin whisker which showed no dis- 
continuity of surface texture, cross-section, or 
direction, although it showed both the [101] 
and [001] orientations on the X-ray film. More 
careful study showed that the base had the [101] 
and the tip the [001] orientation. Only when 
viewed under polarized light could the transi- 
tion be detected by the colors. This may be 
a rather common occurrence because the tin 
whiskers shown in Fig. 5 show many discon- 
tinuities in color when viewed under polarized 
light at places where no physical discontinuity 
can be observed. This does not contradict 
the observations of Levy and of Baker for if 
a change in direction occurs the angle may 
be related to the orientations of the adjacent 
segments. 

Three whiskers out of six when subjected 
to a lateral compression split longitudinally 
as a reed might when stepped upon. This 
was interpreted to indicate that the whiskers 
were either hollow or had some type of a 
longitudinal imperfection. Later direct ex- 
amination of cross-sections showed that some 
were indeed hollow.*?).*® 

The structure of the curled and twisted 
crystals must be very interesting but no one 
has studied it. Although not common, a uni- 
form helical whisker as shown in Fig. 6 is 
sometimes observed. 


§5. Strength of Filamentary Crystals grown 
from the Solid 


It was noticed that among the whiskers 


grown from the many metals, that many of 
each metal had strengths comparable to those 
measured previously for tin’ (except silver 
for which the growth was too sparse for a 
determination). More quantitative bend tests 
on lead, an indium-lead alloy, indium, and tin 
are presented in Exp. S-1, S-2, S-3, and S-4. 
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One indium whiskers was very strong: Fig. 
7 shows it bent to a strain of 5% in the 
outer fibers. This is within the range pre- 
dicted for the theoretical strength for metals 
by Orowan* who states that it seems reason- 
able for the theoretical shear strength to be 
between 1/10 and 1/50 of the shear modulus, 
which corresponds to elastic tensile strains 
between 7.5 and 1.5%. 

The great increase of the strength of fila- 
mentary crystals over the strength of larger 
specimens can not be attributed to just their 
smallness, because the author and others’ 
have handled many which had no appreciable 
strength. Moreover, Baker*® has drawn wires 
down to the thinness of whiskers by the 
“Taylor Process”. These wires did not have 
unusual strength; therefore, it is presumed 
that the filamentary crystals exhibit such high 
strengths because they are perfect‘) or nearly 
perfect.*® 

Note the catastrophic nature of the failure 
of the indium whisker shown in Fig. 7b. 
Severe local plastic deformation occurred sud- 
denly at the two places when the stress was 
only slightly increased (as can be seen by the 
slight change in spacing of the probes when 
compared to Fig. 7a). The sharp bends are 
probably not fractured because the bottom 
segment is smoothly curved which indicates 
that stress is still being transmitted to the 
next segment. 

In Exp. S-5a a successful tensile test was 
made on a tin whisker 1.5 microns thick. It 
withstood a tensile stress of 10,600 psi (7.3x 
10° dyne/cm?) which corresponds to an esti- 
mated elastic strain of 0.16% before fractur- 
ing. No necking at the fracture could be 
observed at the magnification of x500. An- 
other tin whisker broke near to the point of 
attachment in Exp. S-5b, but it did withstand 
a stress of 3,500 psi (2.4 108 dyne/cm?). 

Some reasons why tensile tests may show 
lower strength than bending tests are (1) the 
danger of damage is greater because more 
handling is needed in tensile tests, (2) the 
comparatively few tensile tests which have 
been performed may not have been sufficient 
to discover unusually strong one, and (3) the 
possible existence of a “size effect”, i.e. the 
volume of material subjected to high stress 
is much greater in the tensile test so there 
is a greater probability of having an imper- 


fection highly stressed. Although the tensile — ; 


strength of whiskers may be lower than the — 
bending strength, nevertheless it is usually 
much higher than a large single crystal of the 
same material. 


§6. Summary of Experiments 


For compression induced growth, ring clamps 
similar to Fisher’s?”) were used. The outer © 
diameter was 1-1/2in., the inner diameter 7/8 — 
in. and 3/8in. in thickness. The compression — 
was applied by a1/4in. Nat. Fine screw. For — 
high temperature use, all parts were made of 
stainless steel. | 

The plated steel was cut into 3/8 in. squares, 
stacked between 1/4 in. thick backing plates, 
placed in the clamp and the screw lightly 
tightened. The thickness of the steel plate 
was in the range of 0.006 and 0.020 in.. 
Usually the stack consisted of about eight 
pieces of varying thickness of plating, from 
the thinnest flash plating of less than 0.0001 — 
to about 0.002in.. One side of the laminated 
stack was filed flat, given a metallographic 
polish, and then the screw was tightened.. — 
Quantitative measurement of the clamping © 
force was not meaningful because the dis- — 
parities of the plate and plating must cause ~ 
the stress to be very non-uniform, thus mak- 
ing it impossible to know the local stress at 
the point where the individual growths occur- 
red. It was common to have some gross ex- 
trusion of the plating at the lamina thicker 
than 0.0005in., and sometimes local plastic 
deformation could be seen at some places on 
the steel plate. 

Exp. E9-1 

Sample: gold electroplated on stainless steel 
sheet. Environment: dry hydrogen. Test: 
11 days at 250°C—no whiskers, +11 days at 
300°C—possibly two very fine short whiskers, 
+14 days at 325°C—whiskers appeared, +16 
days at 325°C—more whiskers appeared. 
Whisker growths occurred at the interfaces 
between 0.0001-0.0001, 0.0001-0.0003, and 
0.0003-0.0003 in. plating. See Fig. 2. 


Exp. E9-2a 

Sample: silver electroplated on mild steel. 
Environment: nitrogen at 5 psi above atmo- 
spheric, not very pure because blue oxide 
formed on the clamp. Test: 48hrs. at 400°C 
two whiskers appeared, one straight, 1 thick 
x 80u long; the other a segmented 4 piece 
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xiral polygon of total length of 100, thick- 
2ssly. The spiral polygon was very similar 
» the tin ones grown by Levy.*” The plating 
: the interface was 0.005 in.. 

xp. E9-2b 

ample: silver electroplated on stainless steel. 
Mvironment: nitrogen. Test: 11 days at 
90°C—very short whiskers appeared on the 
linnest lamina which was less than 0.0001 
1, +11 days at 550°C—no appreciable 
ngthening. (suspect sublimation rate is equal 
) their growth rate.) 

xp. E9-2c 

ample: silver electroplated on mild steel. 
Nvironment: nitrogen. Test: 18 hours at 
J0°C. Very fine, 0.24, short, 5, dense 
rowth appeared on the thickest lamina 0.003 
ie 

2 E10-1 

ample: lead electroplated <0.0001, 0.0003, 
0005, and 0.0008in. thick on mild steel. 
nvironment: room temperature and atmo- 
odhere. Test: whiskers appeared in less than 
ne minute after tightening the clamp. 
rowths appeared only on the interfaces be- 
ween the bare steel—0.0001 and 0.0001— 
.0003 in. plating. Most growths curled and 
inked, but some were straight. 

ap) \10-2a 

ample: indium electroplated <0.0001, < 
0001, and 0.0001lin. thick on mild steel. 
Mvironment: room temperature and air. 
‘est: whiskers appeared in about 10 seconds 
n the interface between the thinnest and 
ext thinnest plating. 

mp. E10-2b 

ample: indium hot-dipped on steel, scraped 
> about 0.0001lin. and then remelted. En- 
ironment: room temperature and air. Test: 
rhiskers appeared in about an hour. 

mp. E10-3a 

ample: indium-lead alloy, 84% indium by 
reight, hot-dipped on steel, scraped to about 
0001 in. thickness, and remelted. Environ- 
vent: room temperature arid thairnacTest: 
hiskers appeared in about one minute. 

“xp. E10-3b 

ample: lead-indium alloy, 64% lead by weight, 
ot-dipped on steel, scraped to about 0.0001 
.. thickness, and remelted. Environment: 
yom temperature and air. Test: whiskers 
speared in several minutes. 
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Exp. E10-38c 

Purpose: Compare the composition of an 
alloy whisker with that of the metal from 
which it grew. 

Sample: (1) a whiskers grown by pressure 
induction from indium-lead alloy. See Exp. 
E10-3a. Approximate size 1lux1uzx0.3 mm. 
(2) fine filings from the parent plating, ex- 
truded with gum tragacanth into a filament 
shaped specimen 0.5mm. dia.. 

Apparatus: X-ray diffraction Cu Ks 50kV, 
15ma. beam collimated to 0.5mm. diameter. 
Single crystal rotation camera of 60mm. dia. 
called “ Unicam ”. 

Test: The diffraction pattern from the 
whisker rotating about its fiber axis was 
superimposed upon the same film with that 
of the filing sample rotating about its axis. 
Exposure time for the whisker was 90 hrs; 
the filings 8hrs. Comparison of the powder 
line and the layer line spots at about 0=45° 
for the (123) line showed the spots and the 
line superimposed within the accuracy of ob- 
servation using a strong magnifying glass. 
The estimated accuracy of the film reading 
was +0.03mm. The values for the change 
of lattice parameter with composition for 
indium-lead alloys as measured by Tyzack 
and Raynor?” show this accuracy of measure- 
ment corresponds to --0.8 atom % lead. The 
alloy’s composition as measured by chemical 
analysis was 9.57 atom % lead. From the 
layer line spacing and the identification of all 
the single crystal diffraction spots, the axis 
of the whisker was determined to be the [111] 
direction using the body-centered tetragonal 
lattice. 

Exp. E10-4 

Sample: Bismuth electroplated on steel. Plat- 
ing was 0.002in. thick. Environment: Room 
temperature and air. Test: The sample was 
inspected at approximately two month inter- 
vals. No growth was noticed until 11 months. 
Profuse growth with many whiskers 100 
long. 

Exp. ELlat 

Sample: Zinc electroplated on steel. Plating 
was <0.0001, 0.0003, 0.0005, 0.0014 in. in thick- 
ness. Environment: Room temperature and 
air. Test: The sample was inspected every 
two days and whiskers were observed after 
eight days. Most of the growth was on the 
0.0001—0.0003 interface and the 0.0003—0.0003 
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interfaces. No growth on the thicker inter- 
faces at that time. The longest whisker was 
about 25 at the eighth day. 


Exp. E11-2 

Sample: Cadmium electroplated on_ steel. 
The plating had a rough appearance with 
protruding crystals against a finer crystalline 
background 0.007in. thick as measured with 
a micrometer. Environment: Room tempera- 
ture and air. Test: No growth in the first 
6hrs. At 24hrs. there were 7 whiskers 4 to 
304 long. At 4 days no additional lengthen- 
ing of existent whiskers could be seen. There 
was one additional whisker noted but it could 
have been missed in previous examinations. 


Exp. E11-3 

Sample: Terne plate of nominal composition 
85% lead and 15% tin (by weight), hot-dipped. 
4 1b/single base box and also 1 1b/single base 
box of nominal thickness 0.00017 and 0.00004 
in. respectively. Environment: Room tem- 
perature and air. Test: In first day small 
knobby protrusions appeared which were 
about 54 long. After 3 years no whiskers or 
other growth appeared. 


Exp. O-1 Crystallographic orientation of 
whiskers (See also Exp. E10-c.) 
Samples: Compression-induced tin whiskers, 


10 samples from 1 to 2 thick and longer 
than 0.5mm. 

Apparatus: X-ray diffraction using a Cu Ka 
90kV, 15ma. beam collimated to 0.5mm. di- 
ameter. Single crystal rotation camera of 60 
mm. dia. called “Unicam.” Exposures were 
from 10 to 24hrs. 

Test: Crystallographic direction of the whisker 
axes were (1) [100], (2) [100], (3) [101], (4) 
[100], (5) [001], (6) [100], (7) [101], (8) straight 
but consists of two crystals, tip segment [001] 
and base segment [101], (9) [001], and (10) 
consists of two crystals at a small angle to 
each other, tip segment [100] and the base 
segment [101]. Summary: 5 segments {100], 
4 segments [101] and 3 segments [001]. 


Exp. P-1 Spontaneous growth 

Zinc, tin, and cadmium samples were cast 
in bars 1/8in. dia. and 3in. long. The cast- 
ing process was varied so that some samples 
had fine grain while others had larger grain 
up to where some consisted of a single crys- 
tal. They were stored in plastic boxes and 
examined after a 4 year period. Because of 


George SINES 


(Vol. 15, |) 


the danger of destroying growths by handling, 
only the upper half surface was examined. 
25 samples were examined. Ona zinc sample 
of three grains, a cadmium sample of 10)} 
grains, and a tin sample of 2 grains, groups” 
of straight fibers, 4 to 10 per sample, grew 
close together and they were definitely not 
stray particles. The most interesting aspect |j 
is the small number of growths which ap- 
peared on such a large total surface that 
clearly recognizable as whiskers. : 


Bending strengths of whiskers | 
The whiskers were loaded as_ buckled 
columns by micromanipulators. The curvature 
of the bends were measured from micro- 
photographs. The thicknesses were estimated 
at x 500 magnification by using a scale in the 
ocular of the microscope. All whiskers were 
compression-induced growths from plated 


steel. 
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Fig. 8. Force measuring device for tensile tests 
of fine filaments. 


Tensile tests on tin whiskers 

A schematic drawing of the tensile testing 
apparatus is shown in Fig. 8. The force 
measuring device consists of two parallel 
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ixed-end flexure beams which avoid’ rotation 
f the crosshead. The force F to cause the 
leflection y of this system is calculated to be 
"=(FL'/24ET) where I=(zd*/64). The length 
f the weighing beams was 0.50in.. The 
yeam set No. 1 was made of tungsten wire 
.003 in. dia. and a more sensitive set, No. 2, 
was made of molybdenum wire 0.002 in. dia. 
The whisker was detached from its growth 
site and inserted in the 10#-slot in the cross- 
read. Cellulose cement, greatly thinned with 
wcetone, was applied, it flowed into the slot 
dy capillary attraction and quickly hardened, 
thereby fastening the whisker. The other 
end of the whisker was similarly fastened 
into a slot on a bar held by a micro-manipu- 
ator. The micro-manipulator pulled the 
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whisker and the deflection of the weighing 
beams was measured by a scale in the ocular 
of the microscope. 

Attachment by cellulose cement minimizes 
the stress concentration at the point of at- 
tachment because its modulus of elasticity is 
much lower than that of the metal. 

The calculated force-deflection character- 
istics for the weighing beams were used in- 
stead of an experimentally calibrated values 
because this error was small compared to that 
in estimating the size and shape of the speci- 
mens’ cross-section. 


Exp. S-5a was performed on a tin whisker 
from compression induced growth. The meas- 
ured thickness was 1.54 and the cross-section 
was assumed to be square. 


Thick- | pength.| Weigh | of weigh 
eng eigh | of weig : (108 Fracture 
Test | Metal Giicioes) (microns) | Beam Beam Stress (psi) dyne/cm?) location 
| (microns) 
‘Bap. S-5a,| *1 Sn ie) 240 #1 | 25 10,600 + 1200 | Use | Center 
2 120 #1 18 8,000+1000| 5.5 | At attachment 
3 25 #1 25 10,600 +1200 | USS Near 7 
Exp. S-5b, Sn ae} — #2 34 3,500+ 500 2. 


* All three tests were performed on the same whisker which was progressively shorter after 


repeated fractures. 


$7. Conclusions 


The success of growing whiskers from a 
number of solid metals by providing the neces- 
sary conditions for their growth leads the 
author to believe that they can be grown on 
many other metals and alloys. An opportunity 
to study the material transport mechanism 
operative at the root of the whisker is pre- 
sented by the discovery of alloy whiskers; 
enrichment (or the absence of enrichment) of 
yne species of metal in the whisker should 
Jistinguish between pure diffusion and dis- 
location movement. The author intends to 
axploit this opportunity provided by alloy 
whiskers in future studies. 

The author wishes to thank the many spon- 
sors of the Institute for the Study of Metals, 
Jniversity of Chicago, for their support of 
his research and to thank his colleagues 
here for their helpful interest. Mrs. Betty 
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he preparation and examination of the speci- 
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Introduction 


$1. 


As discussed in detail in the previous paper”, 
the Heitler-London approach is more adequate 
than the usual Bloch approach to treat the 
conduction problem in the case that the effec- 
tive mass of electrons (or holes) is very large 
and the electron-lattice interaction is also very 
‘strong. In that paper, we also discussed some 
characteristic features expected on the basis 
of the Heitler-London approach and applied 
the theory to several examples for which this 
approach seems to be adequate. However, 
we considered the motion of the electron in 
the crystal to be represented by the hopping 
motion, that is, a sort of random flight motion 
from an ion to an adjacent ion with certain 
transition probabilities, without any proof. In 
other words, we regarded the motion of the 
electron as characterized by the transport 
equation 


GPA) _ $+ ( WanePat)—Wo'aPalb)Y ; 
dt i 
where P,(¢) is the probability that the elec- 
tron is localized around an ion 7 at a time f, 
and Wa, is the transition probability of the 
electron from the ion 7 to n’. 

In this paper, we shall prove this equation 
under two conditions. The two conditions are 
as follows. (I) The interaction energy be- 
tween two states, one of which corresponds 
to the state where the electron is localized 
around an ion and another corresponding to 
that around the other ion, is very small. In 
other words, the effective mass of the electron 
is very large. (II) There exists some amount 
of potential fluctuation from ion to ion due to 
impurities and other wandering electrons; more 
exactly speaking, the electron finds no place 
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A foundation of the Heitler-London approach to electrical conductivity 
is given, which has been left unproved in the previous paper (J. Phys. 
Soc. Japan 15 (1960) 802), applying Van Hove’s method. The hopping 
motion of electron is realized under the conditions: large effective mass, 
strong interaction with lattice and the presence of a potential fluctuation 


of the equal potential energy among the near- 
est neighbouring and the second nearest 
neighbouring ions. These conditions are ra- 
other formal and abstract, and physically more 
useful but mathematically less exact expreés- 
sion of these conditions may be 


h x (transition probability) 
(2) 
In his two papers of 1955?) and 1957), 
which we shall refer as A and B in the fol- 
lowing, Van Hove has proved that the statis- 
tical behaviour of a sufficiently large system 
started from an appropriate initial state obeys 
such equations as Eq. (1), if the perturbing 
Hamiltonian is sufficiently small and has 
characteristic singularity properties. In our 
case, however, the perturbing Hamiltonian, 
which causes the jumping motion of the elec- 
tron from an ion to another, has extra singu- 
larities in addition to those required by Van 
Hove. These extra singularities work to 
maintain the wave-like: motion of the electron 
as a usual polaron. If the conditions men- 
tioned before are not satisfied, the motion of 
the electron becomes more or less wave-like 
in virtue of the extra singularities. Thus, 
Eq. (1) is not exact in this case. If the con- 
ditions are satisfied, however, we can prove 
that the extra singularities do not cause any 
wave-like motion, though this is to be said 
rather self-evident, because the jumping mo- 
tion of the electron must be accompanied 
with emission or absorption of phonons to 
conserve the energy. 


<(mean potential fluctuation) . 


§2. A Proof of the Hopping Motion 


Let us imagine an electron (or a hole) with 
large effective mass and interacting strongly 
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with lattice. As discussed in the previous 
paper, the electron is bound around a certain 
ion by its deep potential and induced lattice 
deformation, for a considerably long time. 
We express such a state as |n,{Mm)}>. By 
the notation 2 we denote the position of the 
ion which captures the electron, and by 
{Nin)}* a set of quantum numbers of the 
lattice vibration. Further, by use of the nota- 
tion (v), we understand that the lattice makes 
a vibration deforming around the ion z. We 
denote the total Hamiltonian of the system 
as H+2V. The states |n, Nim)>’s are the 
eigenstates of H. So that, 


H\n, Nin)>={EW)+4Vin)}ln, Na)>, (3) 


where E(N) means the energy of the phonon 
system: 


E(N)=> Nihov , (4) 


and 4V(n) is the potential energy of the elec- 
tron which comes from the fluctuation of the 
lattice potential.** The second term of the 
Hamiltonian 2V is the perturbation which 
connects the states with different m’s, and A 
is a dimensionless parameter characterizing 
the size of the perturbation. We assume that 
the perturbation has a finite matrix element 
only when the ions ~ and »’ are nearest 
neighbouring.*** Moreover, we assume that 


<n, N(n)|n’, N’(n’)>=6nn’ Onn’ . ew) 


Asis well-known, Van Hove?):®)**** has prov- 
ed that the statisticalbehaviours of a system 
follow the transport equation of the Markoff 
type in the limit of 2-0, if the size of the 
system is sufficiently large and the perturba- 
tion satisfies certain conditions. Therefore, 
we see that, if these conditions are satisfied 
in the present case, we have Eq. (1). The 
perturbation 2V which we consider, however, 
does not satisfy Van Hove’s condition (see Sec- 
tion 2 of A) in the following two points.***** 


* Hereafter, we abbreviate {N(n)} to N(n). : 
** Here we take the electron energy in the 
average lattice potential as the energy standard. 
*** This assumption is not essential but intro- 
duced for the sake of convenience. 
week Hereafter we shall refer to these papers as 
A and B. 
xa The following discussions are similar to Van 
Hove’s in many points. In such cases, we shall 
only refer to the relevant places in Van Hove’s 
papers, for the sake of simplicity. 
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(1) When N+#WN’, the matrix elemen 
<n, N(n)|V |n’, N’(n’)> is a quantity of the 
order of magnitude 2-*/? (s=1, 2,3,---;2 4 
the total volume of the system). However, 
it may be a finite quantity even when 2#n’, 
if N happens to be equal to N’; the presence} 
of the singularity of the type dwn’. (2) The 
matrix element 


én, N(n)|VAi1VA2V --- AnV |n’, N’(n’)> 


has a singularity of the type dww’ besides the 
type Onn’-Ovnw’ in Van Hove’s papers. The 
operators Ax’s represent some diagonal oper- 
ators with respect to |z, Nim)>. The physicai 
meaning of these singularities is very import: 
ant. They work to maintain the wave-like 
motion of the electron as a polaron. If the 
effective mass of the electron is small and 
the electron-lattice interaction is weak, the 
matrix element <n, Nin)|V |n’, N(n’)> is large }. 
and the effect of these singularities is so pre- } 
dominant, that the Heitler-London picture of 
the current breaks down. If, however, the 
effective mass is large and the interaction is 
strong, the effect of the singularities to the 
motion of the electron will be small as com- 
pared with that of the other transition matrix 
elements. Hence we may be allowed to use : 
Eq. (1) as an approximate equation. We 
shall, however, assume that the potential 
energy of the electron is slightly different 
from ion to ion because of a random distri- 
bution of impurity ions and other wandering 
electrons. Then, we shall see that Eq. (1) is 
valid so long as the conditions (I) and (II) 
are satisfied. By following closely to Van. 
Hove’s procedure we shall derive Eq. (1) for 
the hopping motion of the electron in a lattice: 
with a fluctuating potential. 

We assign the initial state of the system. 
as: 

HO=T Tel, Nin, N@>. (6) 

The nature of the coefficients c(z, N) has been: 
discussed in A and B. The time variation. 
of ~ is determined by: 


NOES is + (H+2 VE |) 
= U(t)d(0) == UulHPO) , (7) 


where U,(t) is ; 


= 
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x > ae = \Nu, Nalte))- exp] —5-(Eu(t—th) +Eu(tu—te) 


vs 


+ +s +8i(h—th)+ 60} |< Nulny)| V lu-1, Nu-1(My-1)> 


xX +++ m1, Ni(m1)| V |n0, No(mo)>:<n0, No(mo)| , (8) 


&=E(N)+4V(m:) . (9) 


_ First, we can prove that the effect of the extra singularities mentioned before on U,(t) is 
mly an energy shift of the states |x, N(m)>. For this purpose, it is convenient to decompose 
Tilt) into components each of which corresponds to a definite spatial path m2 m-— +--+ >My: 
Uw) =X He HSU ul ES [ies I, Mul) = 2s Unt; (7). (10) 
™ My 
T(t; {7 ]) contains only summations over the states of the lattice vibration N, therefore it 
“esembles Van Hove’s U,(¢) in its singularity properties* except that <N|V|N’> has the 
singularity Oww’ in the present case. Thus, as Van Hove has shown, we can disregard the 
so-called interlocked pairs. 
At first, we consider the case No=N,. ‘It corresponds to the diagonal transition schemes 
of A. From the same reason as in A, we can neglect the transition schemes containing 
nigher order processes like No—> N’— N’”— N’>WN™, or No N’>N”—>M), in the limit of 
4—0. Thus, we know that U,(t; [7]) consists of only three kinds of successive transitions: 
No No, No— N’—> No. and No N’—> N’> No. 
The corresponding part of these processes in Eq. (8) is, for No— No, 


Cn, No(ni)| WAV No(mi-1)> exp | ~~ {Ett is Elbe t-1)} | ’ (11) 


for N— N’> No ’ 
Dw <nivr, No(mizs)| V lati, N’(ms)><mi, N’(mi)| V |i-1, No(ai-1)> 
x exp i {Ets (ine tess) at situs t) Eile t)} | ; (12) 


and for M—N’-N’— NM, a similar but somewhat lengthy formula. If we integrate (11) 
with respect to the intermediate time #, it becomes 


BE te Nal) V it Nones)>| exp {—Fenttt} 
3 —exp| = Fett} | (ly 
when & #&:-1, and 
<n, No(ni)| V lti-s, No(mi—s)>ivi—ti-1) €XP | edt t-)} q1y” 


when &:=6i-1, although this case can not happen because of the condition (11) in §1. 
Similarly, we can integrate the other two processes with respect to the intermediate times. 
The results are summarized illustratively in Figs. 1, 2, 3, where only the order of magnitude* 


* This fact may be easily seen, if we disregard the fixed quantum numbers mo, m1, ---, %» and identify 
our N with Van Hove’s a. 
_** Note that O(t;+1—ti-1)’s are O(A~?). 
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and the frequency of time variation are shown, for only these two factors are important to) 
the present discussion. The meaning of these figures may be self-explanatory, for instance, 
Fig. 1 means that the integration of (11) gives 


O(1) xX EXP : ~~ 6a(t—tes) 1+0a) xX exp — bt —t-)} (& fe by) ’ 


and 
Z 
O(ti+1—hi-1) X Exp — y hes —ti-1) (€:=E6-1) 
No 7 No No 7N'>N' >No 
Before integration phe Vieseve Before Integration 
Sate Ni N Before integration No N° No N 
ate y 
SEA ey Nae Tap et a t try tr tin tre tia 
ti t Us) ay t; tie tie eh aval Per WR CITE 
el < €/4 <j €/+1 
BM ea at After integration After® Integration 
* &- £152 €j-4 

Rr iis) Sa Pee EN “ete vate XO(1) 

ee fics a rR ¥ CMTE ~ 
4+ ——2e—__—_+—+ X0 (1) nal $s — > KOFI 

Ets tiny fia ‘ ter gy, te sa) US five tisa 

7 = st cue ‘ “42 = €1-1 
tine t —-—_>— > XO ( tas - 
ta 4 = xo( T+ =) or ae xO (the- ty-1) tt ay tis x ( 143 / 1) 
Riga h Bigee2, Fig. 3. 
respectively. 


The further integration with respect to the end times of each process can be performed 
by applying the results of Fig. 1 and by substituting O(¢) for the factors like O(i+:—t#-1). 
This substitution is permissible so long as we are interested in only the order of magnitude, 
because O(tisi—ti-1)’s are slowly varying functions of fi: and #1 compared with. 
exp {—76i(tis1—ti-1)/h}’S. | 

Thus, we can examine the contribution to Ux(t; [j]) with No=N, from an arbitrary transi- 7) 
tion scheme |70, No(70)>— |71, Ni(11)> > +--+ |mu, No(mu)>. The results can be summarized as 
follows. If there are ma states with energy &4, mg states with energy €s and so on, among ~ 
the states with the phonon state No in a transition scheme, this transition scheme contributes. 
to U,(t; [7]) the following order of magnitude, 


1H) Ore) exp( —4pbat )+O(e) exp( —“reet)+ pis ; (13) 


Thus, remembering the condition (II) in §1, we may conclude that the U,(¢) with Mo=Nu 
consists of the repetitions of only two types of thé processes |70, No(m0)>— |n’, N’(n’)>—> 4 
|n0, No(mo)> and |mo0, No(%0)>— |n’, No(n’)>—> |%0, No(vo)>, in the limit of 40. These processes 
only contribute to the energy shift of the unperturbed state |, No(mo)>. 


After the same manipulations as in A (Section 5), we know that U"(#), the sum over all 
U,(t)’s with No=N.z, is given by a simple formula 


<n, N(n)|U()\n’, N’(n’)>=6nnt- Onwu(t; n, N) , (14) 
and 


ROG PEs | —+{E.N) +4V(n) +22A(n, Ny-S ren, Nyt] : (15) 


Here 2?4(n, N) and 4*/"(n, N) are the energy shift and the width of the state ln, N(n)>. 
Moreover, we have 
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u()=U"@)+ > One), (16) 
here 
T(t) =( —) ae ++ dt{U"(t—ta) VU (tutus) «+ VU (sna - (17) 


‘he notation { }na means that the states connected by V in { }na are to have mutually 
fferent N, hence we have Eqs. (16) and (17) without special concern for the extra singular- 
ies. Thus, the extra singularities make a finite contribution to U(t) only through the above 
vo types of processes and cause only the energy shift. 


i Next, let us consider the probability that the electron is found at a time ¢ on an ion n: 


| Prt) = daw (UOPO)|n, N(n)><n, N(n)|U()20)> 
=CU(E)PO)| PrmlUOPO)> . (18) 


4 the process of reduction, we insert (16) into (18), and the following matrix element appears, 


f 


| HOKU (ts) V* -- V*U H(t ty) na Pn U "(t—tu) V ---» VU" (th) }nalP(O)> . 


Vhen we write it explicitly by the |x, N(m)> representation, we see that it contains the 
ingularity of the type (2): 


Dw <n’, N’(n’)\{_ Jnaln, N(n)><n, N(n)|{ Jnaln’’, N’(n’)> , (w#n”’). 


“he physical meaning of this singularity is the interference between the partial wave which 
omes from |n’, N’(n’)> to |n, N(m)> and that from |n’’, N’(n’’)> to |n, N(n)> (W’#n’’). In 
rder to investigate this interference we imagine two definite paths [7] and [7’], and consider 
he matrix element 


<Oults 17D LO)| Pearl ules (7D YO)> 
=(4) "| Hie diddias dik: SRO Se Sas IE 
h t2t/ = +--2t'>0, tetws--- 220 a RAS, 
c*(no’, No’)c(no, No){<mo’, No’(m0’)| V |ms’, Ni’(901’)> 
SOPs N,-1(m,-1)| V my’, Nu’ (nu’)> }na 
x (ny, Nu’ (ny’)| Ptrilte, Nu(nu)>{<ne, Nu(nu)| V |au-1, Nu-1(Mp-1)> 
x +++ C1, Ni(m1)| V 70, No(%0)> }na 
xu *(t—ty’; nu’, Nu’ )uY (t—ty; mp, Nu) 
x=) UV ¥ (ts m0’, No’ )u (t1; M0, No) , (19) 


there the summation is taken over all phonon states. This matrix element has a similar 
ructure as (6-9) in A: <U(t)g|A|U(t)y’>. In Van Hove’s case, the finite contribution comes 
nly from the following procedure. Take the sum concerning N.(Nu=N,’) under the con- 
ition Nu-s=Ny-1; and then take the sum concerning N,z-1 (=N,-1) under the condition 
l,-2=Ni-2, and so on. We easily see that the situation is the same in the present case. 
y performing such summation we have the expression: 


(Gr) jaw ++ dt’ dty +> dtu 3) --~ 31 c%(M0", No)e(no, No) 


Ny z 
x Cnty’, Nu(nu’)| Penilttu, Nun) >{<nu, Nu(nu)| V lus, Nu-1(Mu-1)> 
x <Nypnr, Nu-s(tu-1)| V |e’, Nu(mu’)> +++ <n, Ni(as)| V |0, No(no)> 
x (mo’, No(no’)| V lms’, Ni(sts’)> }nau™ *(t—te’; nu’, Nu)u”(t—tu; mu, Nu) 
x6 UT* (Es mo’, Nou" (tr; 20, No) - (20) 
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In order to perform the time integrals, we introduce new variables 
(21)) 


ray rt ty) 4 ty =ty—ty 


and insert (15) into (20). After a simple calculation we reduce the time dependent part of! 
(20) to a product of the following factors: 


exp j ~ FV + 22s) = (Vi 02) — (Vis $ 025-2) + (Vis + 2745-1) } 5 
2 : 
ty NOAES 3 B08 ee Tati. | 
x exp | —+{E(Nj-1)+( V5 tay t V1 $A2Aj-1)/2} ry 
+ LEND+ VS + ahs + Vit HAD /2}C 9 
(22) 


R . 
HPAP) RAT PDS | , @=1, 2, °°, 72) 


where Vs=4V(m;) and 4;=4(m;, N;). According to Van Hove, we perform the integrations 
concerning t;’. When the path [/] is identical to the path [j’], each mj; is equal to m; and 
we have in the limit 4-0: 


eb ck Ts—Psaes| sOUBON AA Viewn = EN AV 


If we perform the integration with respect to tj’s, we obtain the result of the order of 
magnitude 4“ x O(t*)=O(1). On the other hand, when the path [7] is different from the path 
[j’], there appears at least one factor of the following type: 


exp | —4-(4Vin)—4 Ving Nem—eo}, — AV(n) AV ns) 
Thus, we see that the matrix element, 
CUult; (7 )GO) PrmlOuds LADEO0)> ~~ CAI FLHD) 


has the order of magnitude of <A*xO(¢#")=O(A?). 
the matrix element, 


By a similar argument, we see that 


Tut; (7 DPO)| PralOult; FDYO> Ww#en), 


has the order of magnitude of <O(A!#’-#1), 
Therefore, we find that the interference be- 
tween the different paths does not contribute 
in the limit of 40. Thus, the extra singu- 
larities have no effect, and we can conclude 
that the time evolution of P,(t) follows the 
transport equation (1). 

Thus the Eq. (1) is derived under the con- 
dition 40. Although the neglected higher 
order terms with respect to 4 are very com- 


plicated and have not a simple physical mean- 
ing, by examining them we may imagine that 
a rough condition for the hopping motion will 
be given by (2). ¢ 
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The line widths of paramagnetic resonance absorption of Fe?* ions in 
MgAl,0, and ZnAl,O, polycrystals and of Mn2+ ions in ZnAl,O,, having 
the same spinel crystal structure as ferrite, are measured as a function 
: of concentration. 

The cubic crystal field splitting parameters a of Fe’+ ion at A- and 
B-sites are determined from the line widths extrapolated to zero concen- 
tration: a@4=1.0X10-2cm-! and ag=3.1x10-2cm-!. ag/a4=3.1. 

On the other hand, the magnitudes of exchange integral between Fe?+ 
ions in A- and B-sites or in B- and B-sites are estimated from the decrease 
: of line width due to exchange narrowing as the concentration increases, 
namely, J4z/g8=1.32105 Oe and Jzz/gB=1.90103 Oe. The Curie tem- 
peratures obtained from the exchange integral are in agreement with the 
Curie temperatures of Mg-ferrite and Zn-ferrite measured experimentally. 


$1. Introduction 


Since the mechanism of magnetization in 
ferrites was cleared by Néel!) and was called 
“Ferrimagnetism ”, the development on basic 
understanding of ferrite has been very great. 

Ferrites are oxides constructed with divalent 
ions (Mn?+, Fe?+, Ni?+ and Co?* etc.) and tri- 
valent iron ions. The crystal structure is 
similar to that of MgAl.O, and hence is called 
*Spinel” structure. A unit cell is constructed 
of 8 A-sites (metal ions surrounded by 4 oxy- 
zen ions forming a regular tetrahedron) and 
16 5-sites (metal ions surrounded by 6 oxygen 
ions forming a regular octahedron). The total 
number of oxygen ions in the unit cell is 32. 

It is well known that, in ferrimagnetic 
crystals, the magnetic ions in A- and B-sites 
have a strong tendency to have their spin 
oriented antiparallel to each other, and the 
interactions between magnetic ions in A- and 
A-sites or in B- and A-sites are weak, so the 
total magnetization is given by the difference 
of magnetization between ions in A-sites and 
B-sites. The magnitudes of such exchange 
interaction are estimated from the Curie 
-emperatures and the curves of magnetization 
ys temperature. 

On the other hand, it is very interesting to 
see what the origin of magnetic anisotropy in 
ferrites are. It is suggested by Yoshida and 
Tachiki®), using one-ion model, that the mag- 
1etic anisotropy of Ni- and Mn-ferrites arises 


from the anisotropy of the crystalline field 
acting on Fe**+ ion. They estimate the cubic 
crystal field splitting parameter a in the cubic 
term of the ground-state spin Hamiltonian, 
a/6x(S2t+S,!+S.), at A- and B-sites, respec- 
tively, by analyzing the experimental ani- 
sotropy constant vs temperature in Mn-ferrite 

In order to examine the validity of the 
theory, it is needed to measure directly the 
values and signs of cubic crystal splitting 
parameter of Fe*+ ion in A- and B-sites of 
ferrite. 

The values and signs of @ were estimated 
by Rado et al® and Kriessman et al* by analyz- 
ing the magnetic anisotropy of Mg-ferrite, 
where the population of Fe’+ ions in A- and 
B-sites depended on the initial temperature 
whence the samples were cooled rapidly to 
room temperature, and the magnetic anisotropy 
varied with the population. 

Watanabe®) calculated a of Mn?+ ion and 
Fe?+ ion in nearly cubic crystalline field by 
the higher-order perturbation method. From 
his result the sign of a is concluded to be 
always positive in both sites, but this con- 
clusion is in conflict with the negative sign of 
a obtained in Mg-ferrite by Rado et al. 

In relation to this problem, Geschwind® 
determined the values and signs of @ in Fe** 
ion surrounded by oxygen ions forming octa- 
hedron and tetrahedron in yttrium gallium 
garnet, 3Y20;-5Ga2Os, having a crystal struc 
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ture different from ferrite, and showed that 
the signs of a in both sites are positive and 
Cher) Qier or 

Our purposes are to show how the line 
widths of paramagnetic resonance absorpticn 
of Fe?+ and Mn?+ ions in MgAl,O, and ZnAl:O.s 
polycrystals depend on the concentration and 
how this behaviour is explained by the dipole- 
dipole interactions and the exchange narrow- 
ing. 

The magnitudes of cubic crystal field 
splitting parameter a of Fe®+ ion in A- and 
B-sites and the values of exchange integral 
between Fe*+ ions in A- and B-sites or in 
B- and B-sites are also estimated by analyzing 
the experimental results. 


§ 2. 


MgAl.O, and ZnAl:O, were selected for the 
material from the following reasons. 

They have the crystal structure of spinel 
type, isomorphous with ferrite. Moreover, 
in regard to the positions of Fe®+ and Mn?+ 
ions it is allowable to take the next assump- 
tions. 

ZnFe:O, and ZnAl:O. are both known to be 
of normal spinel structure, namely, all the 
Fe*+ and Al%+ ions occupy B-sites in these 
crystals. So it is quite natural to assume that 
Fe*+ ions occupy B-sites in place of Al*+ ions 
in ZnAl2O,. 

On the other hand, Fe*+ ions in MgFe.O, 
take either A- or B-site according to the initial 
temperature where rapid cooling treatment 
begins, hence it is supposed that they can 
occupy both of the two sites also in MgAl.Os. 

Thus by observing the behaviour of Fe*+ 
ions in ZnAl,O, and MgAl,O, we can get 
information about the interaction between 
Fe** ions in B- and B-sites and A- and B-sites. 
Moreover, it has been revealed during the 
experiment that for very low concentration, 
Fe’* ions occupy A-site in MgAl,0,. 

Mn** ions in ZnAl,O, are used for the 
purpose of investigating the interaction of 
ions in A- and A-sites. 

It should be desirable to use single crystals 
for such an experiment, but single crystals 
of MgAl.O, prepared by flame fusion technique 
proved to be unsatisfactory for the present 
experiment because of the broadness of the 
resonance line, and single crystals of ZnAl.O, 
could not be obtained at all. So polycrystal- 
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line samples were used throughout the ex- 
periment. 

Al,Os, Fe2O:, MgO, ZnO and MnCO,, all of 
chemical pure grade, are used for preparing 
the sample. Proper amounts of components 
are mixed in a mill, and after having been 
pressed into a small circular disc, they are 
sintered in air at 1200°C. Higher sintering 
temperature would lead to a production of 
Fe?* ions. | 

The X-ray patterns show that Zn(Al, Fe)20. 
have perfectly spinel structure for the whole 
range of concentration, but, for Mg(Al, Fe)2Ou, - 
pure spinel structure is only observed when \ 
the concentration of Fe®+ ions is high (>1%)._ 
while for lower concentration an evicence }} 
for the existence of a second phase of un-_ 


The measurements of paramagnetic reso- | 
nance absorption are performed with the 
ordinary microwave transmission method, 
using a rectangular resonant cavity of TEios 
mode, at a frequency of about 24.5KMc. The 
magnetic field is modulated with a frequency 
of about 1 Kc. 

As the modulation of magnetic field is used, — 
the result obtained is the differential of the 
absorption curves. So the width between 


maximum slope of absorption curve is meas- j 
ured in various samples and it is simply} 
described as line width in the following. 

Fig. 1 indicates the variation of line with 
the concentration* 


with of MegFe.O, ; 


meses 


10 20 30 40 50 % 


MagAkOa MaFeeOs 


Fig. 1. 


* The percentage indicated means the atomic 
percentage of Fe?+ measured from the composition © 
ratio before sintering. 
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“AgAl,O,. In the range of small concentration 
if MgFe:O, the line width increases rapidly, 
nd beyond about 4% of MgFe.O, it decreases 
lown to a value nearly equal to the one ex- 
rapolated to pure MgAl.O;. The results will 
ye discussed in the next section, considering 
he cubic crystal field splitting parameter and 
he exchange interaction. 

_In Fig. 2 the variation of line width with 
he concentration of ZnFe.O, in ZnAl.O, is 
thown. The tendency of the curve is similar 
o the one shown in Fig. 1, but the value ex- 
rapolated to zero concentration is about three 
imes as large as in Fig. 1 and the composition 
corresponding to the maximum of line width 
s about 30% of ZnFe.0,. The difference will 
ye explained with the different crystal field 
acting on the magnetic ions situated at A- 
site and B-site, as discussed in the next 
section. 


S Pe asOn. 60. .60 «100% 
ZnAleOa ZnFeeOs 
Fig. 2 

4H ‘ 
\ 
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2000 \ 
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Fe3+ in Spinel Structure 
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Fig. 3 indicates the same behaviour of line 
width in the case of MnAlI,O, mixed in 
ZnAl.O,. As Mn?+ ions have nuclear mo- 
ments, hyperfine structure consisting of six 
lines is observed in the range below 1% of 
MnAl;:O,. The distances between absorption 
lines are nearly equal, giving a numerical 
value of 86+2 oersteds, in agreement with 
the hyperfine splitting of other oxides”. The 
line width of each single line is 23 oersteds 
at 1% of MnAl.O:. For Mn?*+ concentration 
>5%, the lines overlap with one another to 
give a single broad line, and the overall width 
of this broad line is the only observable 
quantity, which is shown in Fig. 3. The 
result that the apparent width of the line is 
nearly constant for concentrations less than 
30% will be due to the line splitting. 


§3. Results and Discussions 


(A) Cubic crystal field splitting parameter 

When the concentration of Fe*®+ ion ap- 
proaches zero, the line width tends to a finite 
value in each case of MgAl.O, and ZnAl:Os, 
namely 190 oersteds and 580 oersteds, respec- 
tively. 

It is likely that the line width is due to the 
crystalline field of Fe*+ ions directed at random 
in polycrystal, because the dipole-dipole 
interaction does not contribute to line width 
in very low concentration. Therefore, the 
difference of the extrapolated width in the 
two cases seems to show the different crystal- 
line field of Fe®?+ ion in MgAl.O; and ZnAl:O.. 
Considering that Fe’+ ions in MgAl:O, can 
take the position of A-site and Fe** ion in 
ZnAl.O, prefer to occupy B-site, it may be 
concluded that the difference corresponds to 
the different crystalline field in A- and B-sites. 

It is well known that Mn?+ and Fe*+ ions 
have a ground state of °Ss/2 and a cubic field 
splits the sixfold degeneracy of the free ion 
into a twofold and fourfold degenerate level. 
Using the cubic crystal field splitting para- 
meter a, the magnetic fields necessary for 
the transition of five fine structure lines in 
the very strong field range are given to the 
first order by® 


—_—> 


H=fL, 


—_ + 


i 
2 
i 
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M=+> paper gy es) Ae 
where 3a is the splitting between the twofold 
and fourfold levels, p=1—5¢, ¢=/?m?+m*n?+ 
nl? and 1, m, n are the direction cosines of 
the magnetic field with respect to the cubic 
axes of the crystals. 

In the case of polycrystal the five lines are 
brought together to be observed as a single 


line. The second moment of such an absorp- 
tion line is given by 
iGmra2 
Af y= , 
: ? 21 (gf)? 


where the line width of an individual absorp- 
tion line is neglected in comparison with the 
splitting. g is the g-factor of the magnetic 
ion and £ is the Bohr magneton. 

From this relation the splitting parameter 
a will be obtained from the second moment 
of experimental resonance absorption line. As 
it is very difficult to determine the second 
moment from the experimental curves di- 
rectly, it is calculated using its relation with 
the width of the absorption line, assuming 
the latter to be gaussian, although the as- 
sumption is not a very good approximation. 

The magnitude of @ in each site are ob- 
tained from the line width extrapolated to 
zero concentration as follows. 

ZA = LOSOO2 Gane | 

(Cab S3l.xd0=? cnaz 3 
The ratio @s/d4 is 3.1, but the sign cannot be 
estimated. 

These values are to be compared with the 
a-value of Fe*+ in MgO®, surrounded by oxy- 
gen ions forming octahedron, namely, 
+2.05x10-?cm-!, and with the values ob- 
tained in yttrium gallium garnet, namely, 
+0.616x10-*cm=! and +1.850x10-2cm=-! for 
Fe** ions in tetrahedral and octahedral sites, 
respectively. Although the estimations given 
here is very rough, the agreement seems to 
be rather satisfactory, indicating that the 
assumptions made on the positions of Fe?+ 
ions in the present experiment are appropriate 
ones. 

The ratio of the values of a@ for A- and 
B-sites given above is more reliable than the 
individual a-values, because the difficulty 
arising from the line shape is cancelled out. 

This ratio will be used in the next place to 
calculate the position of oxygen ions in the 


Yoshikazu SUGIURA 


(Vol. 15% 


crystal according to the method used by 
Geschwind®. 

Watanabe” has shown that a splitting aris- }. 
ing from perturbations by excited state involve | 
the cubic crystalline potential, V=C(x*+y*+ | 
z*—3/5 7°), to even powers only and will first 
appear as V2. Consequently, the sign of a 
should be independent of the signof V. The 
constant C appearing in the cubic potential 
V is —35q/9d* and +35q/4d* for tetrahedral | 
and octahedral sites, respectively, where d is 
the distance from the center of the site to_ 
the charges q located at the corners. If 
ax V®, then a@z/a4=(9/4)? x (da/dz)"’. 

In spinels d is given as!” ; 

ds=a(l/8+0)V 3 , | 

dg=aV 1/16—1/26+3e , 
where 6=u—3/8. Parameter uw indicates the 
positions of the oxygen ions in the spinel 
structure and is in the neighbourhood of 3/8. } 
If uw is exactly 3/8, the oxygen ions from a 
cubic close-packed array. A value of aw } 
greater than this implies a contraction of the { : 
oxygen lattice about the octahedrally co- 
ordinated metal ions and a corresponding ~ 
expansion about the tetrahedrally coordinated 
ones. 

Taking w=0.383, we can obtain @z/a4=3.06 
almost equal to the experimentally obtained | 
value, 3.1. This value of w is considered to 
be fairly well defined, as the value of a is 
very sensitive to a slight change in the u- 
value, (2.74 for w=0.382 and 3.38 for u=0.384). 
Hasting and Corliss'” determined u by the 
neutron diffraction as 0.385 in ZnFe.O, and 
0.381 in NiFesO,. 

From the agreement between their values 
and the present value it is concluded that the — 
assumption of ax V? is valid, provided it is ] 
allowed to calculate V with the point charge 
model. 

Geschwind® obtained @oer./@ter =3.00+0.1 in 
yttrium gallium garnet, which is of different 
crystal structure from spinel structure, and _ 
the signs of a are always positive. He showed 
also by reexamination that the negative sign 
of a reported before was a mistake. 

In Mg-ferrite Rado* and Kriessman‘) re- 
ported the values of a4 and a» together with 
their signs. According to their results, the 
sign is positive at B-site and negative at 
A-site. This is in conflict with both Wata- 
nabe’s theory and our conclusion. 


PANS 
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We also measured the magnetic anisotropy 
of Mg-ferrite at 4.2°K, 90°K and room tem- 
perature. Diverse results were obtained 
according to the thermal history of the sample. 
No definite conclusions about the sign of a4 
aor az can be given at present. 

In the case of 1% Mn? ions in ZnAlI.O,, 
the line width of 23 Oe is observed. From 
his value, a of Mn?+ ion at A-site is estimated 
70 be 1.2x10-*cm~'!, in agreement with the 
Paluies already reported for Mn?+ ions in 
various crystals. 

B) Interaction between magnetic ions 

It is found in Figs. 1 and 2 that, as the 
soncentration of Fe*+ ions increases, the line 
width increases rapidly and when it reaches 
L certain value, the line width begins to 
jecrease down to a finite value. 

' This behaviour can be explained by the 
lipole-dipole interaction and the exchange 
nteraction as shown in the following. 

' Dipole interactions are long range forces, 
so their contribution to the line width is large 
n the low concentration of magnetic ions. 
Chey are described in the simple cubic lattice 
‘tructure on an isotropic average!” as 


AH. -8'-=2V 5.1 ghnv St), 


where m is the density of spins per cubic 
tentimeter and S is spin quantum number. 
[he line shape is assumed to be gaussian. 
[he values calculated with the lattice constant 
f 8.094 for MgAl:O, and ZnAl2.O, are plotted 
n Figs. 1 and 2 with the dotted lines. In 
spite of rough estimation, the curves coincide 
latisfactorily with experimental results. So 
he increase of line width in the low-concen- 
ration region may be attributed to the 
lipole-dipole interactions between magnetic 
ons. 

' When the exchange interactions are strong 
retween the same kind of magnetic ions, the 
ine width by dipole interactions are narrowed 
s explained by Van Vleck’® and Anderson 
t al. The decrease of line width observed 
n the present experiment seems to be due to 
his exchange narrowing. In the following 
ye shall try to explain this decrease on this 
oint of view and estimate the magnitude of 
xchange integral. 

Now, we assume that the effective exchange 
ateractions exist between magnetic ions. 
‘ollowing the method by Anderson and 
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Weiss"), the line width in simple cubic crystal 
on an isotropic average is given as 


Ha’ 
Ley De 
ba seat 


AY’=5.1 (gb n)? S(S+1), 


a. eS TS ate ee 
BeOl=1/ F893 * VS Ds 


where the line shape is again assumed to be 
gaussian. Ha means the field of the dipole 
interaction, H.’°‘7 means the field of the ef- 
fective exchange interaction and J’! is an 
effective exchange integral to be discussed 
below. 

The density of spins z is translated to mole 
percent of MgFe:O, or ZnFe2O:, x, by 


16x 


where a is the lattice constant. 

It is found in this experiment that Ha 
increases in proportion to x and after the 
exchange narrowing begins at Aia~H.//, 
Ha?/H.-77 decreases aS x increases. So H,/7 
must be a function of the third or higher 
power of x. 

Now, we assume 

Fis =a]ee , 

where @ is a proportional constant and / is 
an exchange integral between valence elec- 
trons of adjacent magnetic ions. In accord- 
ance with the kind of sites occupied by 
magnetic ions, / means Jaa, Jaz and Jes, and 
corresponds to the exchange integral used in 
pure ferrites. 

The values of 4H”-*’ calculated according 
to this assumption are also given in Figs. 1 
and 2 in broken lines, taking 9.45 x 10° oersteds 
Zs Mg(Al, 
gp 
Fe).,0, and Zn(Al, Fe)2O;, respectively. In spite 
of rough assumptions used of the simple cubic 
crystal, the calculated curves show considex- 
able agreements with the experimental curves. 

The meaning of /”/ will be considered next 
and the value of a will be estimated. Then, 
the Curie temperatures estimated from the / 
values obtained in such a way shall be com- 
pared with the experimental Curie tempera- 
tures of Mg- and Zn-ferrites. 

The number of pairs between magnetic ions 
is n(n/N)?z, where n is the number of 
magnetic ions, N is the total number of sites 
which can be occupied by the magnetic ions, 


and 1.3610! oersteds as @ for 
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and z is the number of the nearest neighbours. 
It is assumed that a magnetic ion occupies a 
lattice point independently and the probability 
is n/N. As the energy of exchange interaction 
per pair is 2/S(S+1), the total energy of a 
magnetic system is given by 


2IS(S+1)n(n/N)?z 


Then, a single lattice point has the energy of 
2)S(S+1)(v/N)3z on an average. 

In order to compare the case of dilluted 
magnetic ions with the case of undiluted ions 
treated by Anderson et al, the following con- 
cept is introduced. All lattice points are 
occupied by magnetic ions with quantum 
number S, and are placed in the effective field 
of exchange interaction H.’/7, so the energy 
per one lattice point is g@H.//V/ S(S+1). If 
this energy is assumed to be the same as the 
energy obtained in the case of diluted 
magnetic ions, the effective exchange integral 
is given by / as follows, using H’/7 by 

j= 


Anderson. 
=e 1G ) “Tae ae 


If we set z equal to six for consistency with 
Our previous assumption of simple cubic 
lattices, a@ is calculated as 7.15. Using this 
value of a, J/gB are calculated to be 1.32 10° 
and 1.90x10? oersteds in MegAlO, and 
ZnAl:O.:, respectively. These values of / 
seem to correspond to the exchange integrals 
between A- and B-sites and between B- and 
B-sites, respectively. 

Using the relation between the Curie tem- 
perature and the exchange integral in simple 
cubic lattices, RO=3JzS(S+1), the Curie tem- 
perature of Mg- and Zn-ferrites can be 
estimated at 620°K and 9°K from the value 
of / obtained above. 

The Curie temperature of Mg-ferrite was 
reported as 713°K by Gorter! and the Néel 
point of Zn-ferrite as 9°K by Corliss. In 
spite of the rough assumption of exchange 
narrowing, our values show surprising agre- 
ements with these obtained by Gorter and 
Corliss. So the values of exchange integral 
estimated above are thought to be satisfactory. 

Using the same methods, the value of 
exchange integral of Mn?+ ions in A- and 
A-s:tes is estimated to be 1.90x102 oersteds 
and the Curie temperature is expected to be 
0.9°K in MnAl:O,. 
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§4. Summary 

The variation of line widths of paramagnetic 
resonance absorption with the concentration | 
of Fe®+ ions in MgAl.O, and ZnAl:O, are - 
observed and explained by the dipole-dipole 
and exchange interactions. 

The cubic crystal field splitting parameter 
a of Fe®+ ion are estimated to be 1.0x10~ 


cm- and 3.1x10-2cm~! at the A- and B-sites, | 


respectively. The ratio @z/a4 is 3.1 and is 


explained by the potential due to point charge * 
considering wu 


according to Geschwind, 


parameter of oxygen position. The value of 


u=0.383 gives the best fit for the ratio) 


obtained in experiment. 
The exchange integral between A- 
B-sites and B- 


and Jas/gB are obtained to be 1.2x10-? cm 
and 1.90 x 10? Oe. 
is estimated to be 0.9°K. 

The author would like to express his 
gratitude to Dr. G. M. Hatoyama for his kind 
encouragement. 


discussions and Mr. 
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On Mn?+ ions in ZnAl.O, the values of @ 


The Curie point of MnAlOy 


I am also indebted to Dr. K. 
Yoshida and T. Mitsuma for the many helpful } 
A. Nakamura for the 


| 


ee 


— 


| 


7 
, 
r 


| 
i 


i 


( 


i 
it 


| 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 7, JuLy, 1960 


Characteristics of Germanium p-n Junction with 


Irregular Structure 


By Masami TomMono 


Central Research Laboratory, Hitachi, Ltd. 
Kokubunji, Tokyo, Japan 


(Received March 9, 1960) 


A transistor was made with an imperfect emitter junction having an 

irregular structure made by applying a very thin indium layer on an n 

. type germanium pellet and a comparatively perfect collector junctio1 
4 having regular structure. The current flowing injo the imperfect emitter 
. was divided into various components, and the voltage-current character- 
istics of each component was studied. Among these, a particular attention 
was paid on the electron current component which flows through the 
minute area of the m-—n junction existing at the irregular part of the 
p-n junction. From these studies the phenomena of the voltage-current 
characteristics of the emitter differing greatly from the Shockly Equation, 
J the abnormally strong current dependency of the current amplification 
d factor of the transistor, and the floating-potential of the emitter are ex- 


plained. 


1. Introduction 


» Considerable research has been carried out 
eretofore concerning the electrical properties 
if the comparatively perfect p-v junction made 
y alloying indium on m” type germanium. 
, And it is well known that its electrical pro- 
erties follow the Shockley Fquatien quite 
losely“)“. However, it is also known that, 
1 the case of an actual ~-m junction, there 
ce many defects around the edge and a large 
sverse current flows through these area“. 
-is known from experience that, even when 
ve edges are removed by careful electrolytic 
cching process‘“?®), a large reverse current 
ill persists in some cases and thus the ele- 
srical properties do not conform with the 
nockley Equation. This is probably due to 
regular structure at parts other than the 
ige of the p-m junction. There have been 
‘any reports dealing with such irregular stru- 
ure, but the direct relation between such 
ructure and the rectifying characteristics has 
st been explained very clearly. In order to 
arify the electrical properties of a p-m junc- 
on having such an irregular structure, the 
ithor made a transistor with a very imper- 
ct p-m junction by alloying a very thin indi- 
n layer on the surface of an m type geruma- 
um pellet to serve as the emitter and a per- 
ct p-m junction by alloying a sufficiently 
ick layer of indium on the other surface 


of the pellet to serve as the collector. The 
forward and reverse characteristics of the 
transistor were then measured. The current 
flowing through the imperfect emitter junction 
was divided into many components in an at- 
tempt to examine the phenomenon of the 
great deviation of the voltage current-charac- 
teristics from the Shockley Equation. 


§2. Method of Experiment 


p-n junctions were made by alloying indium 
layers of 15 u~200 wu in thickness and diameter 
of approximately 0.8mm on m type germa- 
nium having a 2.550cm resistivity. Thin 
indium layers of 20 or less were applied on 
the germanium by vacuum evaporation. A 
spacer and weight were used in order to pre- 
vent spherical coagulation due to surface 
tension and to insure the uniform alloying of 
the indium over the prescribed area when the 
indium layer is thin. The maximum tempera- 
ture of alloying is 515°C. In the first experi- 
ment, after alloying indium on only one 
surface of the germanium pellet, the indium 
was amalgamated by the ordinary method us- 
ing mercury and this amalgam was removed 
by using nitric acid. The recrystallized layer 
of p type germanium thus exposed was 
observed with a microscope. On the other 
hand, the cross section of the germanium 
pellet was made and polished to study the 
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structure of the p-z junction. The relation- 
ships between the thickness of the indium 
layer and the electrical properties of the recti- 
fiers of the p-n junctions made in this man- 
ner were investigated. Next, in order to in- 
vestigate the cause and characteristic of the 
excess current of an imperfect p-m junction 
having a thin indium layer, thansistors of the 
type shown in Fig. 1 were made with various 
alloyed indium thickness for the emitter and 
sufficient indium thickness for the collector. 


Thin film of indium 


Recrystalized 
p-type germanium 


n-type germanium 


Indium 


Fig. 1. Dimensions of the transistors used in the 
experiment. 


The measurements were made after remov- 
ing the imperfect p-m junction around the 
edge of the collector dot by ordinary electo- 
lytic etching®. The forward and reverse 
currents flowing through the emitter, collector 
and base electrodes as well as the emitter’s 
floating potential when reverse bias is applied 
on the collector and the current amplification 
factor of the transistor were measured. 


§3. Experimental Results 


3.1 Microscopic observation 

The results of observation of the surface 
of the recrystalized p type germanium layer 
exposed after the removal of the indium 
through amalgamation with mercury, are 
shown in Fig. 2. 

It can be seen that the p type germanium 
and m type germanium exist in mossaic form 
when the indium layer is thin. In order to 
ascertain this finding, a heated tungsten ne- 
edle was applied along the diameter of the 
recystallized germanium layer part of a speci- 


a eg te atc ee ee 


0.1mm 
Fig. 3. Distribution of p-and m-regions on the 
recrystallized surface 
(indium thickness 20,) 
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men with indium thickness of 20, and il 
polarity (+) (—) of the thermo;clectio poe 
force was determined. The polarity of the} 
electormotive force would be different depend-. 
ing whether the part with which the needle 
is in contact is p type or m type. The results 
are shown in Fig. 3. From this results, it) 
can be seen that » type germanium remaineg |} 
unchanged at the parts of the plaits of 
figure 2 (A) sample. 
Next, Fig. 4. shows the results of observa- 
tion of the cross section of the p-” junction) 
obtained by polishing the pellet at an angle 
of about 10° to the surface. As shown in 
Fig. 4 (A) when the thickness of indium is 
30 4, the p layer is very irregular and there 
are some parts where the p layer has not 
been formed. When the indium layer is 60 u, 
Fig. 4 (B), the p layer becomes more regular. 
but the p-m boundary shape is still irregular. 
In constrast, when the indium layer is 200 4, 
Fig. 4 (C), the p-m boundary is formed com- 
pletely but there are some irregular parts 
along its edge. 

Next, a specimen was made by alloying a 
thick indium layer on m type germanium. | 
When the irregular part around the edge of 
this specimen’s p layer was examined, it was 
found that fine line shaped and dot shaped 
indium was left in the p type germanium 
layer and that these indium streaks and dots 
were in direct contact with the 7 type germa- 
nium base. One such example is shown in Fig. — 
5. ‘Lhe size of the remaining indium streaks 


(mA/mm?) 
[e) — 
ie) oO 


(eS) 
o>) 


(e) 
i 


oO 
ine) 


Reverse current density 


[e) 
fe) 


50 100 150 


Thickness of indium (ux) 


200 


Fig. 6. Reverse current density of alloyed type 
junctions using indium layers of various thickness 
(reverse bias, -6V) 


60) 


(A) 204 


(B) 65, 
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(C) 200 p 


—————— 


0.5mm 


Fig. 2. Microscopic photographs of p type germanium produced by alloying 


(CG) AO wn 
0.2mm 


Fig. 4. Cross sections of p-n junctions 


dicated by the arrow marks in the Figure 
-e about 10, but the tip of the streaks 
hich are in dierect contact with the m type 
2armanium base are about ly in diameter. 
he Figure also shows indium left in dot 
xm which directly contacts the germaniun 
ASe. 


2 Relation between indium layer thickness 
and p-n junction characteristics 
Voltage-current characteristics were measu- 
d for p-n junctions made by varying the 
ickness of the indium layer over the range 


0.2 mm 


Fig. 5. Minute indium parts (indicated by arrows) 
left in p type germanium and directly contact- 
ing n type germanium 


of 15u4~200y4. Fig. 6 shows the relation 
between the current density and the thick- 
ness of the indium layer obtained for many 
specimens by applying a reverse voltage of 
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-6V. It can be seen that, when the indium 
layer thickness becomes less than 30, the 
reverse current flowing through the junction 
increases quite rapidly. 


3.3 Forward characteristics of transistor’s 
emitter, collector and base 

The transistors used for these measure- 
ments were constructed with collector having 
the alloyed indium layer of sufficient thick- 
ness, and the emitter having the indium 
layer of various thickness. The voltage-cur- 
rent relations of the transistor’s collector and 
base were measured while the bias of -6 V 
was applied on the collector and the emitter 
was variously biased in forward direction. 


Table I. Indium layer thickness of emitter 
of specimens 

Specimen | Thickness of indium jarger 

; No. 1 | 200 wu : 
aS No. 2 60 
eo ee | 20 
; i’ No. 4 = ' 30 : : 
; No. 5 15 


The thicknesses of the indium layers of the 
specimens used in this experiment are given 
in Table I. Fig. 7 shows the realtion between 
the emitter voltage and emitter current. 

The relation between voltage V and current 
I can generally be expressed by the following 
equation. 


I= I,{exp (8V)—1} CD) 
When the value of 8 in the above equation 


Table If. Constants for the emitter, collector and base when emitter bias is positive and 
collector bias is negative (collector bias, -6V) 
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is obtained directly from the incline of the 
curve in the 100~150 mV range, it is near 40 
Volt-! for the specimens No. 1 and No. 2, 
This value is near 8/kT at normal temperature. 
Here q is the electron charge, k is Boltzmann’ 
constant and T is the absolute temperature. 
But, in the cases of No. 4 and No. 5, the 
value is somewhat smaller. All these value 
are listed in Table II. 


Emitter current density (A/mm?) 


150 


O 50 100 
Emitter Voltage (mV) 


Fig. 7. Relation between emitter voltage and 
emitter current when emitter bias is positive 
and collector bias is negative (collector bias, 
-6V) 


It is noted that for the specimens No. 4 
and No. 5 the absolute values of the 
current in the relatively low voltage 
range (below 0.1 volt) is much larger than © 
those obtained for No. 1, No. 2 and No. 3 
The collector currents under the same bias 


= ace 7 Currents Siiea VE 100 a | B 
es || Emey ] collector | base emitter collector | base 
Nort: || Sei | Aap ie ae ae 27 31 
No. 2 369 316 58 40.8 | 41.4 34.2 
No. 3 I ate 221 96 360 | 186.0 32.5 
No. 4 | 964 188 783 Se 32.3 * 
No. 5 | 557 415 186 32.5 | 44.8 22.4 


* 8 was not determined because V~log I curve had no linear part. 


60) 


nditions are given in Fig. 8. Comparison 
Fig. 8 with Fig. 7 shows that, in case of 
). 1, No. 2 and No. 3, the general trend of 
e collector current is quite similar to that 
_the emitter current. In the cases of No. 
and No. 5, the values of 8 obtained in the 
nge of 100~150mV are somewhat smaller 
an these of the former three. These values 
e given in Table II. For the case of No. 5 
e€ amount of the current in the low voltage 
nge is about twice as large as those of No. 
No. 2, No. 3 and No. 4. 


Collector current density (uwA/mm?) 


-50 O 50 100 150 


Emitter Voltage (mV) 
‘ig. 8. Relation between forward emitter voltage 
/ and rollector current when emitter bias is posi- 


tive and collector bias is negative (collector 
bias, -6V) 


iOO00; 


e measured value 
calculated value 


Net base current density (pA/mme) 


S 
fe) 
fe) 


100 


af 


0 50 100 150 


Emitter Voltage (mV) 
ig. 9. Relation between forward emitter voltage 
and net base current when emitter bias is posi- 
tive and collector bias is negative (1) (collector 
bias, -6V) 
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Fig. 9 shows the relation between the forward 
emitter voltage and the net base current 
Ip+TIcso, where Jz is the base current under 
the same condition and J¢so is the collector 
cut-off current. In this case, contrary to the 
results shown in Fig. 7 and Fig. 8, the abso- 
lute value of the current changes greatly 
from one transistor to another. The base 
current of No. 1 is very small but those of 
No. 4 and No. 5 are about 10 times as large. 
As for the value of 8, it is difficult to obtain 
for No. 4 because there is no linear part in 
the curve, and in case of No. 5, the value is 
very small. These results are given in 
Table II. 

Furthermore, in order to examine the base 
current, the Vz~(/Jg+Jeso) relation is given by 
linear scale in Fig. 10. (Va is the emitter 
voltage.) A distinctive feature is that the low 
voltage parts of the curves are straight lines. 


x) 
‘e) 
fe) 


o Oo 
8 8 


600 


Net base Current density (s¢sA/mm?) 


100 


0 
Emitter Voltage (mv) 


Fig. 10. Relation between forward emitter voltage 
and net base current when emitter bias is posi- 
tive and collector bias is negative (2) (collector 
bias, -6V) 


3.4 Reverse characteristics of emitter and 
collector 

Fig. 11 shows the voltage-current chara- 
cteristics obtained when the collector was 
biased at -6V and reverse various voltage 
was applied on the emitter. In the cases of 
specimens No. 1 and No. 2, the absolute 
value of the current is small and the current 
saturates when the voltage becomes high, 
while, in the case of No. 3, the current shows 
no saturation characteristics. In cases of No. 
4 and No. 5, the absolute value of the cur- 
rent is extremely large and it increases gra- 
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dialy with the increase of the applied 
voltage. 

Fig. 12 shows the relation between the col- 
lector voltage and collector current when a 
negative bias of -6V was applied on the 
emitter and the collector was variously biased 
in the reverse direction. The reverse currents 
of No. 1, No. 2 and No. 3 are small as in 
the case of Fig. 11, but the reverse current 
of No. 4 is 2~3 times larger and that of No. 
5 is much greater. In contrast to the afore- 
mentioned case of the emitter, all specimens 
showed current saturation characteristics. 


Fig. 13 shows the characteristics when the 


-200 


sus 
a 
(e) 


Emitter current density («A /mmé) 
| 
re) 
5 


O =I ae =) -4 =S) 
Emitter Voitage (V) 
Fig. 11. Reverse characteristics of emitter when 


collector bias is negative and sufficiently large 
(1) (collector bias, -6V) 


Collector current density (A/mm?) 


O <i rie 23 wane -5 


Collector Voltage (V) 


Fig. 12. Reverse characteristics of collector when 


emitte. bias in negative and _ sufficiently large 
(1) (collector bias, -6V) 
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emitter voltage is low in Fig. 11. In this, 
case, the currents of specimens No. 1, No. 2, 
No. 3 and No. 4 show saturation characteri-) 
stics, but the rise of the curve of No. 5 isk 
very slow and shows no saturation characteri- 
stics. 

Fig. 14 shows the characteristics when thee 
collector voltage of Fig. 12 is low. In com:}), 
parison to Fig. 13, the absolute value of they}, 
current is small but the general tendency is: 
the same. 


-80 e measured value % 
a calculated value -W® 
E 
aq -60 
oe 
a 
A -40 
Ss 
o 
me | 
7-20 
5 
oO 
Ss 0 
SS a oa 
= 
a © ees —100 -150 —200 
Emitter Voltage (mV) 


Fig. 13. Reverse characteristics of emitter when 
collector bias is negative and sufficiently large © 
(2) (collector bias, -6V) 


e measured value 
— caiculaied value 


-10 


0 =50 -100 


Selo) 
Collector Voltage (mV) - 


-200 


Collector current density (uA/mm2) 


Fig. 14. Reverse characteristics of collector when 
emitter bias is negative and sufficiently large 
(2) (collector bias, -6V) 


3.5 Current amplification factor 

Fig. 15 shows the relation between the 
emitter current and current amplification 
factor a@ee when the collectors of these tran- 
sistors are biased at -6V. In case of No. 1 
which has a complete emitter, the current 


360) 


nplification factor @ee is practically constant, 
‘Tespective of the emitter current. But, in 
ae cases of No. 4 and No. 5 whose emitters 
re incomplete, the absolute value of ae is 
mall and depends quite heavily upon the 
mitter current. It has been known that the 
‘ Of silicon transistors is highly dependent 
no the emitter current‘ ®, and the compara- 
vely smaller dependency of ae of germa- 
ium transistors in the range of low emitter 
urrents has also been known. However, 
uch a strong current dependency of aee of 
ermanium transistors was little 
eretofore. 


known 


y 


| 
| 
| 
| 
| 
| 


Current amplification factor 


10 100 
Emitter current density (A/mm) 


1000 


Fig. 15. Relation between emitter current and 
amplification factor 
(@, x measured value, ——-computed value) 


Measured value and computed value 
of floating potential 


Table III. 


| d Calculated Calculated! 
Speci- | Measure Vy value| Vy value | Measured 
men | value of from Eq. | fromEq. | Vy value 

ie (25) (20) 
No. 1 0.928 | —66.9mV —68.3mV. —67.0mV 
No. 2 0.719 Sey 3) —23.4 | —28.1 

| = —s tes = ee 
No.3 | 0.646 | —26.4 | —17.8 | oie 
No. 4 | 0.139 | — 3.81 — 2.41 — 2.86 
No. 5 0.171 — 4,77 a LO ai AS 


6 Floating potential of emitter 

Table III shows the results obtained by mea- 
uring the floating potentials which were In- 
uced between the emitter and base when 
he collector was biased at -6 V. The magni- 
ides of the floating potentials are in the 
ame order as the ae values in Fig. 15. A 
oteworthy point is that the floating potantials 
¢ No. 4 and No. 5 are very small. 


Characteristics of Germanium p-n Junction 


1229 


§ 4. Discussion 


The results of the foregoing experiments 
clarified that p-m junctions made by alloying 
a thin indium layer on n type germanium 
have irregular structure whereby the rectify- 
ing characteristics and transistor characteri- 
stics are abnormal. The relation between the 
structure and abnomal electrical properties of 
such p-m junctions shall be discussed in the 
following. 


4.1 Irregular structure of p-n junctions 

As seen in Fig. 2, Fig. 3 and Fig. 4, p-n 
junctions made by alloying a thin layer of 
indium on germanium have locally well grown 
and undergrown p type germanium parts 
mosaically on the lower side of the indium 
layer. This condition is believed to be caused 
by the different conditions, in which the 
indium wets the germanium during the initial 
period of alloying, probably due to the dif- 
ference in the states of germanium oxide layer 
existing from the begining on the surface. 
Such phenomenon will not occur if sufficient- 
ly thick indium is alloyed. But, even in this 
case, a minute portion of indium may be left 
in the p type germanium and this may di- 
rectly contact the m type germanium of the 
base as shown in Fig. 5. The model of the 
structure of a p-m junction having such an 
irregular structure is shown in Fig. 16. It 
may be supposed that such irregular structures 
will appear in the various forms listed below. 


Recrystalized p-type 
germanium 
n-type germanium 

(c) Rectifying contact 
or (d) Ohmic contact 


(b) Oxide film 
or (c) Rectifying contact 
or (d) Ohmic contact 


Fig. 16. Model diagram of the cross section of 
imperfect p-n junction 


a. There is a gap between the indium and 
n type germanium base. 

b. The indium and m type germanium are 
contacting via an insulating oxide film, 

c. The indium and ” type germanium base 
have a rectifying contact (called m-n junction 
hereafter). 
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d. The indium and m type germanium base 

have an ohmic contact. 

e. An area having a large surface recom- 

bination velocity exists around the edge of 

any of the above irregular structures. 

4.2 Equations of the voltage-current chara- 

cteristics of an irregular p-n junction 

By combining all the aforementioned 

results, the following equations can be given 

for the electrical characteristics of irregular 


Te= Ino} ex( Se 


1} 


—Irol exp ( 


The following equation can be obtained for 


qVe 


iT) 1 | -Ievfexe( 7 


+(Uasot Toxo] exp i! 


qVe 
kT 


qVa 
kT 


—I¢= Teofexp ( 


From equations (2) and (3), the following equation can be derived for the base current. 


q(Va—Vz, 


)-1 rave 
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p-n junctions. In these equations, both the 
voltage and current of the emitter and col- 
lector are expressed, respectively, as positive 
when they are in the direction going into the 
transistor from the electrode. In regard to 
the base electrode, the direction coming from jl 
the interior of the transistor towards the base 
electrode is expressed as positive. ; 

The following equation can be obtained for 


the emitter current. 
Vz) ie 1 aes I amo | exp Se 1] 
(2) 


kT 


the collector current. 


)—1bdos0 { exp( 


qVe 


kT (39 


ity, 


Iy= Int To =(Tso* Tea) ep ie Ne) = 1 |+Texo| exp {Siacireeetalis 1| 
+ eso} exp ( i J-ibteve (4) 
where: Tno= Ang— Pubs (5) 
Taso= AsgS po : (6) | 
Inuo= Auhnno a nd aah the i exp ( -v) (7) 
Vexo= Aw qitato | a tat De. \ exp (2 (8) 
Toso= Aug D2! (9) 


In the above equations, Vz is the voltage 
between the emitter and base, Ve is the 
voltage between the collector and base, and 
g is the conductance corresponding to the 
emitter’s leak current. J. in the first term 
on the right side of equation (2) is the satura- 
tion current through the regular parts of p-n 
junction of the emitter. Equation (5) is the 
well known Shockley Equation, Ag is the 
area of the emitter junction. Jyso in the 
second term on the right side of equation (2) 
is the saturation current due to the surface 
recombination around the emitter, and equa- 
tion (6) is well known®. As is the surface 


area at which the positive holes injected from 
the emitter recombine. The equation for As 
can be obtained by slightly modifying 
Webster’s treatment of a diode with a p-n 
junction having a diameter of a. 


WDp WD, 
Les 25. 


In regard to surface recombination at inper- 
fact p-n junctions, it is necessary to consider’ 
not only around the edge but also around in- 
perfect parts inside. Also, if area of high 
surface recombination velocity exist locally as: 
in 4.1 (e), the effective value of As may 


As=x 


(20+ (10): 


960) 


recome still larger. 

-Iomuo in the second term of equation (2) is 
he saturation current of the m-n junctions 
if compartively large area (diameter of larger 
han 1) explained in 4.1 (c), and equation 
7) is given by Schottky©, where Ay is the 
otal area of such m-n junctions. In the same 
nanner, Jawo’ in the third term of equation 
2) is the saturation current of the m-n junc- 
ions of small area (diameter of about ly or 
ess) which have been explained in 4.1 (c). 
4’ in equation (8) is the total area of such 
n-n junctions. The fourth term on the right 
ide of equation (2) is the current component 
lue to the extraction®@ at the collector 
unction. The fifth term expresses the leak 
current due to the ohmic contact explained 
n 4.1 (d). Joso in the third term on the right 
side of equation (3) is the collector’s satura- 
| In the present case, the col- 


10n current. 
ector is considered to be a complete junction 
and no excess current components are assum- 
2d. Ac in equation (9) is the area of the col- 
ector junction. Vz is the voltage drop due 
‘© internal resistance r»’ of the germanium 
nase. Vz’ is the voltage drop due to the 
spreading resistance through a small area. 
1 is the electron charge, Dp is the diffusion 
coefficient of the positive holes in the m type 
zermanium, and pf» is density of the positive 
aoles which are in the thermal equilibrium 
n the ” type germanium. W is the base 
width between the emitter and collector, 
while W’ is the effective base width consi- 
lered for the collector junction and general- 
y differs from W. S is the surface recombi- 
yation velocity of the positive holes. sn is 
che mobility of the electrons in the m type 
zermanium. mp is the density of the electrons 
which are in the thermal equilibrium in the 
4 type germanium. K is the dielectric cons- 
‘ant of germanium, k is Boltzmann’s constant, 
und T is the absolute temperature. Vo is 
the so-called diffusion potential of the m-n 
junction. The irregular structure described 
n 4.1 (a) presents no problem because no 
current flows. The irregular structure descri- 
xed in 4.1 (b) has not been taken into consi- 
jeration in the foregoing treatment, but there 
s a possibility that reverse current may flow 
lue to tunnel effect or breakdown when the 
‘everse voltage becomes high. 
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4.3. Equation for voltage-current characteri- 
stics of actual transistors 
For the actual cases undertaken by the 
author, the equations (2), (3) and (4) can be 
simplified further. We shall now consider 
the case where a sufficiently large negative 
bias is applied on the collector and a positive 
bias is applied on the emitter. Let us first 
consider the equation (2). The voltage Vz in 
the second term on the right side can be ex- 
pressed as follows 
Vep=Ue+Teso)rov (11) 
Yo» iS the internal resistance of the tran- 
sistor. As for the third term on the right 
side of equation (2), the voltage drop of the 
junction is comparatively small, while in com- 
parison, the voltage drop due to the spread- 
ing resistance in the base germanium through 
the small m-n junctions, 7s, would be large. 
Therefore, it can be expressed as follows. 


Fenf exo{ UE VO} 1] 


kT 
a (12) 
Ys Ts 


The fifth term can be neglected. This is 
clearly seen by the fact that no leak current 
component is detected as shown in Fig. 11 
and 13. In order to get the expression for 
the forward characteristics of the emitter, the 
above results are combined and equation (2) 
is replaced by the following. | 


In=Ino exp (Ba Va) +Unsot+Inmo) 


Va 


[exp {Basa( Va - Va)}—-Ut— (13) 


In this case, g/kT in the first term and 
second term on the right side of equation (2) 
are replaced by 8s and Basu respectively. 

Next, in considering the collector current, 
if we assume Vo is negative and sufficiently 
large, equation (3) can be simplified as fol- 
lows. 

—I-=Ino exp (Ba Va)+Icso (14) 


As for the base current, equation (4) can 
be simplified as follows. 


Ip=([nsot+Inmo)[exp {Basu(Va—Vz)—1] 


V. 


+—* —Icso (15) 
Ys 


When we consider the emitter’s reverse 
characteristics applying a sufficiently negative 
bias upon the collector, Vz and Vz’ can be 
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neglected. In this case equation (2) can be 
expressed as follows. 


In=Ino exp (Br Vn) +Unsot TemotTl namo) 
{exp (8 asa Va)—1} 


In this case, g/kT in the second term and 
third term on the right side of equation (2) 
are replaced by mean value 8 nsw. 

Next the collector’s reverse characteristics, 
when a sufficiently large negative bias i is ap- 


(16) 
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a 
plied, can be expressed as follows by simpli 
fying equation (3). 


the right side of equation (3) are replaced 
Bc and Bes respectively. | 

Current amplification factor ace can be ex 
pressed as follows from equations (13), (149 
(15) and (11). 


Ole — Baloo exp ( (Ba Va) _ € = (18 | 
se OL, ss iia a Ols 1 
: eassniies exp sag Vn) eer rer exp {Basu(Va— vx(1- Too: Meade 
were: 
1 
OR Base lant Tomo) €¥9{Basu(Va—Ve)}+ i (19) 
OVe 1470» Basu aso+Inmo) exp {Basu( Va—Vz}) 


For the floating potential V;, the value of Va for 7z=0 in equation (13) is equal to Vy 
In this case Bx and Basu are expressed in the original form as q/kT respectively. 
permissible because Px and Basu are almost equal to q/kT in all cases as will be explained} 


later. 


qV; \= —— Lasottiuo — 
kT Ino + Tivos Fede 


exp ( 


4.4 Analysis of the voltage-current . chara- 
cteristics 

In order to analyze the characteristics for 
the case where a sufficient large negative bias 
is applied upon the collector and a suitable 
positive bias is applied upon the emitter, Fig. 
8 and Fig. 9 shall be compared respectively 
with equation (14) and equation (15). It should 
be possible to analyze Js by using the relation 
In=Ipn—Ic. From equation (14) we obtain the 


1 
fe) 
‘9) 
is) 


cats 
« measured value 
— calculated value 


-100 


a 
ro) 


Collector current density (uA/mr®) 


50 
Emitter Voltage (mV) 


150 


Fig. 17. Relation between Vz and }I¢ |—Igso 
when collector bias is negative and sufficiently 
large (collector bias, -6V) 


(mage TnsotInmo)rs 


This is3 


Vr (20: 


Table IV. Various constants of equation (14) — 


Specimen Icso Izo | Br 
- | 
pA/mn? p A/mm? Volt-! 

No. 1 2.96 12 41.3 

No. 2 4.67 4,94 40.5 

0. 3 4.75 4.40 40.2 

No. 4 8.02 4.86 36.6 

No. 5 44.3 7.02 39.2 

following. 


—Ie—Icso=|Ie|—Icso=Inoexp(BaVn) (14) 

The values of |Jc|—I¢so are obtained fro 
the results of Fig. 8 and the measured value 
of Icso. Fig. 17 shows the relation betweer 
Va and these values of |J¢|—Igso. Differing 
from the relation of Vz and Jo in Fig. 8, each 
curve is nearly a straight line even into the 
region of negative Vy» and their slopes are) 
almost equal, satisfying equation (14)’ quites 
well. 

The measured values of Jgso, and the In 
and 8 values obtained from Fig. 17 are 
shown in Table IV. The Jo value is reasonable | 


360) 


nce it corresponds to the value where W in 
juation (5) is 0.1~0.07 mm. Since q/kT=39.19 
‘olt-! at 23°C, it can be seen that the values 
£ Bs are very close to the theoretical one. 
in of No. 3, No. 4 and No. 5 are quite diffe- 
ent from those in Table I]. Next, we shall 
consider Fig. 9 in terms of equation (15). 
1ccording to equation (15), it should be pos- 
ible to obtain an approximate value of 7s 
rom the characteristics of the small current 
egion of the net base current J;+Jceso which 
a be obtained when the collector cut-off 


j 


urrent is added to the observed base current. 
“he approximate values of 7s obtained from 
he slopes of the small current region in Fig. 


0 are given in Table V. 
| 


Table V. Approximate r; value obtained from 


. 


minute current part of /z+TJeso. 


| No. 1 aS 


: Specimen | rs 
: 
: No. 2 | 10.0K2 
No. 3 | 8.4 
os — a Hag — —_—- 
No. 4 | 0.61 
. No. 5 | 0.88 
Table VI. Various constants of equation (15) 
determined from experimental results 
g Peso nt 
Specimen | aye 4 | Rusa Ys Too’ 
| pA/mm? | Volt-' SO ET 
No. 1 0.225 | 42.4 714 17.5 
No.2 || 1.00 39.5 17.5 18.5 
No. 3 | 2.60 26 Zornes 2040 9.0 
No. 4 | 23.2 Siog Caer Ltd 10.5 
_No.5 | 2.45 38.6 | 0.987 | 12.4 


Table VI shows the values of the three 
constants, (/sso+Jeuo), Basa and rs determi- 
ned to best fit equation (15) to the curves in 
Fig. 9. In this case, the values of Vs were 
ybtained from equation (11) using the experi- 
nental values of 7x’. Fig. 9 also shows the 
esults obtained by computing the relation 
yetween Vez and Js+Jeso using equation (15) 
ogether with these constants. As can be 
seen the values thus calculated agree quite 
well with the experimental results. It can 
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also be seen that the rvs values in Table 5 
are approximately equal to those given in 
Table VI. Itis seen that the saturation current 
Insot+Inuo differs to quite a degree among 
these specimenns. 

Next, we shall estimate the value of Igso 
using equations (6) and (10) When following 
values are assumed, 

W=0.008cm, D»=48.5cm?/sec., 
cm/sec. and a=0.056 cm 

we obtain the following- from equations (6) 
and (10) 


S=100 


Tngo=0. 204A (21) 


Consequently, the value of Jzso+Jemo of speci- 
men No. 1 in Table 6 can be considered as 
one in which the contribution from Jase pre- 
dominates. In the cases of other specimens, 
when the indium becomes thinner Jaso can be 
also supposed to become somewhat larger 
because of the increase in the effective values 
of As in equation (6) as seen from Fig. 2 
and Fig. 4. Although the value of No. 4 is 
extremely large, it is probably due to the 
fact that the Jxuo value became large owing 
to formation of a relatively large m-n junc- 
tion. 

Next, we shall examine an m-m junction of 
small area. As explained in regard to Fig. 
5 and Fig. 16, the diameter 4 of a small area 
junction may be considered to be about 1 yz. 
If it is assumed that the existing number of 
such junctions is ”/mm?, rs of equation (12) 
will be as follows. 

o> me 
2nA 

The current flowing in the base germanium 
from the emitter towards the base tab does not 
spread semi-infinitely but spreads only in the 
comparatively small solid angle which glances 
the base tab from the emitter. MM is the com- 
pensating factor for this difference in spreading 
condition. For the present case, the ratio of 
this solid angle to the semi-infinitely spreading 
one is about 0.04. Assuming that the current 
flow will spread somewhat more than this, 
we shall approximate the value as M=10. 
When we consider specimens No. 4 and No. 
5 as examples, the experimental values of 
their vs are about 10000. If o=2.550cm 
and 4=1y in equation (22), we get; n=130. 
When the value of Am’ is computed using 
these values of m and 4, and is substituted 


(22) 


1234 


into equation (8) together with the following 
‘figures, 

No=6,28 X 10“cm- T=295°K, un=3900cm?/sec. 

volt Varo=0.05 volt, K=16, 
we get Inmo’ =178 nA/mm? (23) 
And if we examine the case where Va=20 mV; 
Va— V2’ =2.40 mV 

Therefore 
Hen V 5 39.190 
V 


13] 


(24) 


When Vz» becomes larger than 20 mV, the 
above ratio will become still smaller, show- 
ing that the aproximate equation (12) is 
nearly correct. In the case of No. 4, although 
the value of Insot+Jeuo is much greater than 
those of other specimens, the vs Value is 
almost equal to that of No. 5. This is belie- 
ved to be due to the fact that Jas0+ Imo con- 
tains a current component which flows through 
a m-n junction of rather large area. In the 
cases of specimens No. 2 and No. 3, it can 
be assumed that mz is several/mm?. In the 
case of specimen No. 1, it may be considered 
that, practically there exist no such defect. 

Next, the emitter’s reverse characteristics 
when a sufficiently negative bias is applied on 
the collector and the collector’s reverse chara- 
cteristics when a sufficiently negative bias is 
applied on the emitter can be analyzed by 
comparison of Fig. 13 and 14 with equations 
(16) and (17) respectively. The values given 
in Table IV were used for 8» of the first term 
on the right side of equation (16). The value 
of Jno was determined for the range where 
Va is small, and WesotInuo+Inmuo’) and Basu’ 
were determined for the other range. The 
various constants obtained in this manner are 
listed in Table VII. 


Table VII. Various constants obtained from the 
reverse characteristics of the emitter 


4 


| 
. Tr 16 a 
Specimen | Ino | oe | B’nsu 
pA/mm? | yvA/mm? | Volt-? 
iS ole eae asi 0.45 42.4 
——— = 
No. 2 6.09 3.52 28.1 
Non oye aed 2.44 38.4 
i Le 2 
No. 4 7.86 49.5 36.8 
No. 5 10.0 105 ees: 
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Fig. 13 also shows the results obtained by 
computing the relation between Va and Ja by 
using these constants. 
match the experimental results very well, 


Vie 
\ 


| l 
The computed values 4s 


Next, the collector’s reverse characteristics iii 
can be analyzed by comparison of equation jj) 


(17) and Fig. 14. The value given in Table i] 
J. 


4 


7 was used for the constant Jno in the first 
term on the right side of equation (17). The 
average of Bw and Basa in equation (13) was 
used for Bc. The other constants J¢so and 


i 
} 


) 


Bes in equation (17) can also be determined. 


The values of these constants are listed in 
Table VIII. 


Table VIII. Various constants obtained from the 
reverse characteristics of the collector 
Specimen | Iso Be Bes 
— pA/mm? Voit—— Volt-! 
No. 1 2.17 41.9 42.8 
No. 2 j 3.00 | 40.0 40.0 
sah We 3 ! 3.95 | 38.2 36.5 
No. 4 i 7.03 a 37.3 38.1 
No. 50.4 21.5 | 38:98 lem 107 


Fig. 14 shows the results of the voltage- 


y 


I 


‘ 


current characteristics computed by using” 


these constants. 
mental results very well. 
now be discussed. 


They agree with the experi- 


2 and No. 3, the Jno values in Table VII obtain- ¥} 


ed for the reverse characteristics of emitters 
are about equal to those in Table IV obtained 
for the forward characteristics, but in the 


cases of No. 4 and No. 5, the formers are 


about 40~50% larger than the latters. This, 
as will be explained below, is believed to be 
the results of a condition in which a portion 
of the positive holes produced near the imper- 
fect junction flow into the emitter instead of 


flowing as the collector’s cut-off current, (Icso — 


in equation (17)), when the sufficiently large 
negative bias is applied on the collector and 
suitable smaller negative bias is applied on 
the emitter. As the collector junction can be 
considered to be complete, Jso in Table VIII 
which is the saturation current of the collector 
junction may be mainly a positive hole cur- 
rent through the collector junction owing to 
the generation of hole-electron pairs at the 
germanium surface and the ohmic contact 


These results shall | 
In the cases of No. 1, No. 


960) 


eiween the base tab and germanium. In 
fe case of specimens No. 4 and No. 5 whose 
itter junctions are much more irregular, 
is value is quite high. As mentioned above 
A respect to Jso, this high value is believed 
9 be the result of a condition where the 
lositive holes appearing near the emitter 
anction are not all collected into the emitter, 
ut some of them flow into the collector 
vhen the sufficiently large negative bias is 
cust on the emitter and a suitable smaller 


egative bias is applied on the collector. 
uch mutual effect of the emitter and collector 
ud been known heretofore, to a certain ex- 
pat) 

The value of Jzwo’ can be obtained by com- 
aring the values of JasotJeuo-+emo in Table 
‘Il with the value of Jesot+Jemuo in Table VI. 
“he values of Jnwo’ obtained by this method 
re given in Table 9.. 


| Table IX. IJpyo’ values 


Sethen I'nuo0 
No. 2, , 2.52. 
No.3 itu spaceeti@emitegkn 
eal Si oblast 26.3 
ee. No. 5 bru fs 103. 


auo Of specimen No. 5 nearly matches the 
he value 178 A/mm? of equation (23). As 
or specimen No. 4 Jay’ less matches equa- 
ion (23) but when we consider that equation 
3) is only an order estimation, the agree- 
vent of this degree is what one can hope for. 
ince the measurements for Table VI and Table 
were made on different days, some change 
» the surface conditions resulting in the 
uctuation of Isso could not be avoided. This 
- probably the reason why Isao’ of No, 3 
ecame slightly negative. The same can be 
iid for No. 2, but the value of 2.52 “A/mm? 
iven for Immo’ can be believed to be correct 
ithin an order. According to equations (22) 
1d (8), rs is inversely proportional to 7, the 
imber of the m-m junctions of small area, 
1t Inmo’ should be proportional to m. It can 
» seen from Table VI and Table IX that 7s 
1d Ino’ of specimens No. 1, No. 2, No. 4 
id No. 5 are roughly inversely proportional 
each other. As it can be assumed that 
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the collector junctions of all specimens are 
complete, 8c of equation (17) is expected to 
be near the value of g/kT and in this respect 
the values in Table VIII are reasonable. Busi’ 
in Table VII seems smaller than g/kT when 
Inuo’/(asot+Inuo+Inmo’) is large, i. e. when 
there is a large percentage of reverse current 
passing through the m-n junctions of small 
area in the second term of the right side of 
equation (16). The values of Ipmo’/(nso+Iamo 
+TInuo’) are given in Table X. 


: Table X. Values of ’zuo/(Izsot+Iemuo-+l ruo) 


Specimen 


| ites /Ipso+ in sleue) 
No. 1 I 0.49 
ma Siete tary Ss 
ets Bt base 248! 
males 4 signee a, 
ep meds esh ogee el 


In respect to No. 5 for which this ratio is 
very near 1 in Table X, the 8xsx’ in Table 
VII has a very small value of 9.12 Volt-?. In 
respect to specimen No. 2 for which this 
ratio is 0.72, the Busw’ value in Table VII is 
28.1 Volt-!. These values are much smaller 
than qg/kT. The above results show that the 
rectifying effect of small area m-n junction 
is very incomplete and the value of 8 becomes 
much smaller than g/kT. It has been known 
that, if the contact between » type germa- 
nium and indium metal is complete, 8 will be 
near the value of g/kT®. Since a rather 
large m-n junction probably corresponds to 
this case being discussed, the fas of all 
specimens in Table VI may have approximate- 
ly g/kT value whereas the small area m-n 
junctions, possessing imperfect contact, pro- 
bably have smaller @ values as stated before. 
In respect to Scs in Table VIII, the positive 
holes generated near the imperfect structure 
part of the emitter junction can be considered 
to have a large effect for those specimens 
having a large Jcso value, as explained pre- 
viously concerning Joso in reference to equa- 
tion (17). Then if we assume that most of 
such positive holes are drawn to the emitter 
due to the sufficiently large reverse bias of 
the emitter and only a small portion flows 
as the collector’s reverse current and that it 
does not increase much with the increase of 
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the collector’s reverse voltage, it can be 
understood why the $s value of specimen 
No. 5 is very small. 

Lastly Fig. 11 shows that with the increase 
of the emitter’s reverse voltage, the current 
of the specimens No. 1 and No. 2 is approxi- 
mately saturated but that of No. 3 gradually 
increases despite of the fact that the com- 
parison of the characteristics of the specimens 
No. 1, No. 2 and No. 3 in Tab!e VII shows 
little difference. Also in the cases of No. 4 
and No. 5, the current increases with the in- 
crease of emitter voltage. Such increase of 
current is believed to be caused, not by the 
aforementioned surface recombination or m-n 
junctions, but by the irregular structure of 
the #-2 junction due to the thinness of the 
indium layer as indicated in Fig. 4. This 
reasoning is certified by the fact that the re- 
verse current increases rapidly when the in- 
dium layer becomes less than 30 in Fig. 6. 
This condition is believed to occur when the 
indium and 2 type germanium are contacting 
via an insulation film of oxide, etc. and the 
increase in the voltage results in the increase 
of the current flow through this part due to 
tunnel effect or local breakdown. On the 
other hand, because of the absence of such 
irregular structure of the collector junction, 
the reverse currents of all specimens are 
saturated with the increase of collector voltage 
hated ences 58 


4.5 Current amplification factor 

Fig. 15 shows the computed results of the 
dependency of the current amplification factor, 
Q@e, upon the emitter current by using the 
constants given in Tables IV and VI for equa- 
tion (18). The results show that the measu- 
red values and computed values agree relati- 
vely well. In the cases of such transistors 
as No. 4 and No. 5 whose emitters are incom- 
plete and ys values in Table VI are small: a.- 
has a very smal! value when the emitter’s 
forward voltage is low and the emitter cur- 
rent is small, because the current flowing 
through vs is comparatively larger than the 
current flowing through a normal p-» junction. 
However, when the emitter voltage becomes 
comparatively high the positive hole current 
through the emitter’s p-m junction increases 
as an exponential function of the voltage 
while the current due to rs is of a linear 
function and consequently the ratio of the 
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current through 7s to that of the positive} 
holes becomes gradually small and ae. approa-) 
ches to unity. In the case of specimen No. 1) 
which has a practically perfect emitter june 
tion, ae. has a constant value. 


4.6 Floating potential 

The floating potential of the emitter, wher} 
a sufficiently large reverse bias is applied on} 
the collector, has been known to statisfy the} 
following relation™. 


Vy" log (1—Q’ce) ( 


The value of ace when Jz—0 should be 
used for equation (25). Table III gives the az 
values measured when Je=1 “A and the float 
ing potentials computed from equation (25) by 
using these values. The table also gives th 
V; values derived from equation (20) and the? 
V; values obtained by measurement. Whe: 
we compare the V; obtained by equation (20 
and the V; obtained from equation (25) in the 
Table, the former is closer to the measured jj 
value in the case of specimens No. 4 and No 
5 whose vs are small. ii 

The author wishes to thank Mr. T. Toku-- 
yama and Mr. K. Uehara for their aid in thes 
experiments. 
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semiconductors. 
method. 


at low temperatures. 
is also estimated. 


1. Introduction 


| One of the authors investigated the electric 
‘eld dependence of the electron mobility in 
'-Ge in the preceding paper™, which we shall 
all I in this paper. There was assumed the 
joltzmann distribution which was displaced a 
onstant magnitude in the direction of the 
lectric field in momentum space. But in low 
lectron density, the electron-electron interac- 
ion may be so weak that the above assump- 
ion seems to be wrong. In this paper we 
alculate the mobility of electrons in semi- 
onductors neglecting the collisions between 
lectrons. The Boltzmann equation will be 
olved by means of the variation method™, 
thich is shown to be useful at high electric 
eld even in the presence of the static magne- 


c field. The variational approach to the 
igh field problem is also proposed by 
dawi™. 


At relatively low field, the mobility m can 
e expanded in powers of the field strength 
' as follows: 

p= po (1—vF?). (1) 
In this paper we evaluate the coefficient », 
ough the method is applicable to cases of 
1 arbitrary field strength. In §2 the value 
- y for n-Ge is compared with that calcula- 
din I. The mobility for non-polar semi- 
mductors was investigated by Yamashita“ 
a different way. It is shown in §3 that 
e Hall coefficient of m-Ge, where the spheri- 
il energy surface is assumed, decreases sli- 
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By assuming that the mobility » can be expanded in powers of the 
field strength F as p=po(1—vF”), v is calculated for non-polar and polar 
The electron-electron interactions are neglected com- 
pletely and the Boltzmann equation is solved by means of the variation 
It is shown that v calculated in this way differs significantly 
from that calculated in the previous paper and in Stratton’s particularly 
The electric field dependence of the Hall coefficient 


ghtly with the electric field strength. The 
field dependence of the Hall coefficient is 
found to be sensitive to the scattering mecha- 
nism®. In §4 the mobility in polar semi- 
conductors is computed and compared with 
the calculation of Stratton. 


§2. Non-Polar Semiconductors 

In I the rate of the change of the electron 
distribution due to electron-phonon interactions 
in m-Ge was investigated. Letting the electric 
field be directed in x axis, we assume here 
that the electron distribution function f(k) 


in the following from: 


Sik)=folw)+kzx(w), (2) 


where w is the energy of an electron E divi- 
ded by kT (ky), the Boltzmann constant). As 
shown in Appendix A, the Boltzmann equa- 
tion is separated into two equations, (3) and 
(4), 

d 


— w/2 (Ce oe Murs), (3) 
—M—*(te-"0)=e-"L wl), (4) 
dw 
fo(w)=e"gw), (5) 
enk 
Ne ee ee —w o( ’), 6 
x(w)=— mboTEQ c(w (6) 


where M and Lyx[g] are defined by (All) and 
(A10) respectively, and m, €, and g the cons- 
tants which may depend on temperature. 
Changing the sum over & to an integral 
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Al wvdu, 

k 

the electric current density j is given by, 
using (2) and (6), 


j= EEA \ whe neluldu (7) 
3méq Jo 


Let N be the number of electrons per unit 
volume, and it follows that 


Nea | we“ g(w)dw. (8) 


We expand g(w) and c(w) in terms of 
electric field F up to the second order 


g(w)=g{1+en(w)}, (9) 
c(w)=co(w)+crw), (10) 


where go and cy are independent of F, and 


gi and c: are propotional to Ff’. In the first 
approximation, g=go and c=, we have 
from (8) 
Agy=N/I'(3/2), (11) 
where I'(n) is the gamma function. 
From (3) we get 
Co(w)=gow~” (12) 


so that, corresponding to Co, jo is given by, 
using (7) and (11), 
sew. J iSi2s1) 


= : ; (13) 
meq‘ T/2)q 
and the zero-field mobility /4 becomes 
e I'(5/2—n) 
= Se 14 
meq ‘6 /2) GP 


In the next approximation gi is obtained by 
replacing c by c in (4), namely 
eLy{gil=—M“ (ew), (15) 
dw 


As to the properties of Ly, the symmetry 
relation 


fewhoayLwlatu)hdw=[e-rg(u)Lalh(w)lde 
and the inequality 
lereLwlgldw=0 


are easily proved, so we can apply the varia- 
tion method to solve the equation (15). Ex- 
panding gi in powers of w 


(16) 


it can be shown that the coefficients 5, (y=1) 
satisfy the infinite set of linear equations 


co 
as ps bw" 7 
Tr=0 
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Snbe=ar, (r=1,2,-+++) (17) 
s=1 
where 
lys= [erurLxlw'ldu, 
a= — je g (evs?) dw. (183 
dw 
bo is determined by the condition 


Le~rgi(w)=0, (19) 


which follows from the definition of go, (11). 
‘From Eggs. (3), (9), (10) and (12) we have 


Z (e-’2:) (20 


Ww 


w'/2e-”¢,(w) ae — gy 3/2” 


Let 7: be the current density due to cq, then 
we get from (7) and (20) 


: Neer 3 2 3 
je Sor(S-ntr)| ; 
(21) it 
where the coefficients b, are not all indepen. | 
dent, but is there a relation 


Sor (S+r )=0 (22) 
r=0 2 


which is derived from (19) and (16). Then) 
from (21), (22), and (14) we have the mobility) 
Le: 


=p] —n {r+ d= n)bs 
+(F—Sn+n') bt} 


We shall evaluate » in the following appro- 7 
ximations. 
(i) As the simplest assumption we put 


Li=hbot+hw. 
Then from (23) 
Li= Lo (l—nh,), 


(23) 


where 
bi=ay/hiy 
Accordingly we have 


nm amar (2) a 


UT 


oF re 
B 3r(3—n Vin 


where vr?=2koT/m and & is replaced in terms — 
of Lo. 

We write vz as the value of » calculated 
in I, which is given in Appendix B. Compar- 
ing (26) with (Bll), we find 


y 


(26) 


60) 


y [1(5/2)]? MEO: 
vs I(5/2—n)T(6/2+n) 32’ 

here we put m=1/2 and equated yo in (26) 
that of (Bll) as being replaced by the ex- 

‘rimental value, although two have the di- 

srent meanings from each other. 

) In the next approximation we assume 

) £i=bo+b; wtb, w? 

The numerical results are given in Table I 
Ene case) of 7=1/2 and. a=0.2, where », 

id y, are the values of approximations (i) 

id (ii), respectively. For the numerical 

lues of other parameters, the same values 
in I are used. 

As shown in Table I, at high temperatures 
result of (ii) is not so different from that 
(i), but at low temperatures it is rather 

fferent, so that it may be said that the ap- 

‘oximation (i), and vz also, becomes not good 

' relatively low temperatures: the tempera- 

res at which u>1. 


(27) 


Table I. 
4=(hw/keoT) vi[ve b./b; 
- 0.92 —0.058 
- 2 0.74 —0.094 
3 OD —0.106 


}. Hall Coefficient for Non-Polar Semi- 
_ conductors 

Let us assume that the uniform magnetic 
ld H is directed in z axis and the electric 
ld F is in xy plane. To obtain the Hall 
efficient in the limit H-0, it is sufficient to 
.ow the distribution function up to the linear 
rms in H. 


We assume the followings similar to (2) 
S=folw)+Re Xa(wW) + Ryx%o(w), 
X2=%2 + Xx, 
Xv= A +H, 
qere 7°», and yz, are zero and first order 
—H, respectively. Since fo(w) should not 
ve the linear term in H, we obtain from 
e linear terms in the Boltzmann equation 
On XP =—Equ" Xz", (30) 
—On 42° =—Equ” Xv’ 
here wx=(eH/mc) and y2° or xv° is given by 
) in which F is to be replaced by Fz or Fy. 


’ 


If we define s(w) by the following equations 


(28) 
(29) 
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L= rail =w 
x eres Eq e-“s(w), (31) 
A ear | ele?) 34 
Xv kiTea) eg e-’s(w) 
(30) is reduced to 
s(w)=w-” c(w) (32) 


The Hall coefficient R becomes after some 
elementary calculations 


|RNec|=g0 1'(5/2) pi/ po? (33) 
where 
po= [err 2e(w)dw, 
ie Jerswolsnotw, (34) 


which become from (12) and (20) 
po= gol 5 —n )I1—n{bi+ (4) + --}, (35) 


p= at (3—2n )[2—2ntbs +(4—2n)ba+ 12h] 


(36) 
As bi, bz,----are of order of F?, we can ex- 
pand (33) with regard to them: 
T'(5/2)T"' (5/2—2n) 
Neo ——— ee eee 
|RNec| rG/2—mF (1+2n2b.+ ) 


(37) 
Comparing (37) with (23), we find that the 
field dependence of the mobility is determined 
almost by 01, while that of the Hall coeffici- 
ent is determined by 0:, which is far smaller 
than b; as shown in Table I. For -Ge dz is 
negative so that the Hall coefficient decreases 
as the field increases, but its magnitude is far 
less than that of the mobility. Besides, 
including both optical and acoustical mode 
scatterings, b, becomes very much small in 
magnitude compared with the case including 
only acoustical mode scattering. It should be 
noted, however, that we have assumed the 
spherical energy surface. 


§4. Polar Semiconductors 


The interaction between a free electron and 
the optical vibration in ionic crystals was 
investigated in detail by Froéhlich™ and the 
mobility was calculated by means of the 
variation method by Howarth and Sondhei- 
mer®, Stratton“? calculated the mobility in 
strong electric field, assuming the distribution 
function to be exp {—(p—p.)?/2mkoT.}, where 
Te. is the electron temperature. 


1240 


As shown in Appendix C, the equation 
corresponding to (3) and (4) become in this 
case 


wr? - (e-“g) =e-"L{cl, (38) 


_ wwe") =e-¥L Lg. (39) 
dw 

Since L and Zp both satisfy the symmetry 
relation and the inequality as Lw, we can 
apply the variation method to solve (38) and 
(39). 

We assume that g and ¢ are: expanded in 
powers of w: 


gw) = > gr", (40) 
c(w) = Sow" (41) 


To evaluate vy, it will be sufficient to take 
first few terms. The more terms consider 
we, in the stronger field will it be valid. 

Substituting (40) and (41) into (38) and (89), 
multiplying both sides of them by w’, and 
integrating over w, we have the two sets of 
linear equations, from which g;, (v=0) and 
cr (v=0) can be determined: 


Ddrce=el'r, (7=0, 1, 2,-+-+) (42) 
SV ngs= Br (P=1,2,----) (43) 
where 
adrs= [ior Liwtle-wa, (44) 
a= [uw are feng: (45) 
dw 
Urs= |" Lolw'}edu, (46) 
Byr= <M \w d (w/2e-“c)dw. (47) 
dw 


and go is related to g, by the total number N, 
pe" g(w)=N (48) 


Setting the mobility z=,.[1— On (oF /vr)*], 
numerical values of 6, is given in Table De 
where 6, means that first » terms are taken 
into account as the variation parameters: 


Z=LH+ & rw", 
n—-1L 
c= SV Crw". 
7T=0 
0; is the value calculated by Stratton’s method 
which is explained in Appendix D, since Eq. 
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(2.24) in his paper is mistaken. 

As we can see from Table II, the difference } 
between 0; and 6, is significant at low tem- 
peratures. Moreover, we must take more; 
parameters at u=3, since the difference 4) 
between 0, and 0; is serious. . | 


Table II. 
w=(hw/ kT) Os 02 
1 0.139 0.179 
2 al 0.405 
3 oul 


In conclusion, we can estimate in some 
cases the difference of the two approxima 
tions: one assumes that the electron-electron 
interaction plays the dominant role and the 
other neglects it completely. In order to 
analyse the recent experiment on InSb of} 
Kanai™, we must know the Hall coefficient 
of polar semiconductors, the calculation of) 
which requires more parameters to be consi- 
dered than in this section as seen from the 
discussion of §3. Moreover, it seems desira- 7 
ble to take the electron-electron interaction’) 
into consideration more accurately. 


Appendix A . | 
When the static electric field F is directed 
in x axis, the Boltzmann equation is 
a a 
h Okz ot 
where (0f/0f)z means the change of the di- 
stribution function per unit time due to” 
electron-phonon collisions. 
We expand /(k) in terms of spherical) 
harmonics and take the first two terms: 


f=foth, 
fo=fow), fi=kz x(w), 


where w=(E/koT) and ko is the Boltzma 
constant. oy 

From Eqs. (42), (A17), (A13), and (A19) im 
I, we can easily show that . 


(i) Far { ave) 


a w( Ha et “ah +n{[Fo(w-+n)er 


(AD) 


af 


dw iia 
—fo(w)|(w+u)¥? + A(w)[fo(w—xu) 


—fo(w)e"](w—u)¥/?}, (A4) 


0 
( ars — Elwr? + n{(w+u)'? 
+ 4(w)e"(w—u)/?}]kex(w), (A5) 
here € is a product of I of I and (kT)!/2 
id therforefore has the inverse dimention of 


me. Besides we used the following nota- 
ons: 
i} 
me «i= ms*/koT), Auy=| ee 
| O;w<u 
u=(ho/koT) 
Ny = (e%—1)-3 
N=noau 


f 

; 

; 

here s is the sound velocity, fw is the 
ergy of an optical phonon and a is a cons- 
nt which represents the ratio of magnitudes 
' optical-mode scattering to that of acoustical- 

ode scattering. In order to simplify the 

iuculation, we replace (A5) by the approxi- 

ate equation 


| | (Ge) =— Fawr hex). 


_n-Ge a being small (~0.2), 7 becomes 
gligible at low temperatures and we may 
it m=1/2 and g=1. At high temperatures 
>u, n~1/2 and g becomes a constant also. 
it in cases u~1, the approximation (A5) 
ay not be good. 

Expanding the drift term in (Al) in terms 
spherical harmonics we get 


(A9S’) 


ea Tighe c (e-“g)=e-w?*"c(w), (A6) 
—~M-4_(wiie-"c)=e-"L lg], (AT) 
dw 
here 
fo(w)=e-"g(w), (A8) 
onk 
=—| — ee ’ A9 
| (Ww) (= ae e Lxlgl,  (A9) 
Ly[g]=4w(—2¢ +wg’ —we”’) 
+yl{g(w)—g(wt+u)V ww) 
+A(we{g(w)—g(w—u)}Vw(w—u)] (A110) 
M= (2e?F?/3mkoTE*q) (A11) 


opendix B 

Let the electron temperature and the drift 
locity be T+4T and po/m, respectively, and 
e distribution function is written as 


—|p+pol’ } 


2 _—|p+Pol? _ Bl 
ee ea oaeres BY) 
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Expanding this in terms of fo and (47/T)=r, 
we can obtain® 


fo(w)=Boe-™(1— Sr+rw) : (B2) 
he = PPh. fo _ 
x(w) aE 
ee —w fa 5 ; 
= (CS Be (1 attr). (B3) 


Comparing (B2) with (5) and (B3) with (6), we 


have 
= Bol 1-Srt7w) 5 


c(w) = (po&q/eF) Bil 1— 25 ap rw). 


Substituting (B4) and (B5) in (8), integrating 
over w, the following equation results 


gw) (B4) 


(Bd) 


r(3 \= (Ede (5 +n )(+n7). (B6) 


Setting b=myF, we obtain for the mobility u 
=(elmeg(r () ir ($+ ))a—n7) 
(B7) 


Therefore we have the zero-field mobility 
in this case as 


a= (e/mEg(P (+) T (F+")) (BS) 


which is of course different from (14). 

The electron temperature, 7, is determined 
in the same way as :. Multiplying (4) by w 
and integrating, we obtain 


M(bEq/eFT ($)= rly 


We can put po=mmF in (BY), where “o is 
given by (B8), then 


el EN) wal 
r(3+n) ha 


vz, which means »y in this aprroximation, is 
given by 
Ur 


vr? =(2ky T/m). 


(BS) 


(B10) 


5) 
4 r(2 ) 
ng vem 
3li 


(B11) 


vB— 


where 


Appendix C 
Since (0f/0t)z in polar semiconductors due 
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to optical-mode scattering is given by Strat- 
ton (Eqs. (2.2), (2.3), and (2.4) in his paper), 
we can immediately obtain the following 
equations 


— ys4_(¢-»g) =" Le, (C1) 
— Me") =e” Lal g], (C2) 
dw 
where 
fo=e“gw), (C3) 
4(w)=—(ehtyF/mkoT ecw), 


I= w(ae)o(w)—e(w-+u)} (w+-5-) 6) 
— Viwtw+u) } +A(w) e*| wow —welw) 


{(w-2) o—u)- vwcw=w) |] 


—c(w—u 


(C4) 
L,[gl={gw)—g(wt+u)}ow)+4(we"{g(w) 
—g(w—u)}o(w—n), (C5) 
ow) ep ee ae ; (C6) 
Vw+tu-Yw 
MW’ = 2(eF to)” (C7) 
> 3mkyoT : 


and fo is equal to (2mkoT)/?/(eM No) in Strat- 
ton’s notation. 


Appendix D 


g and c are defined in Appendix B. Let &q¢ 
be equal to fo~1, (B4) and (B5) become 


g(w)=Bo(1— Sr+rw) (D1) 


c(w) = (poleFt) Bo(1— 3rtrw) ye (D2) 


By using the above two equations and 
integrating both sides of (38) over w, the 
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following results 
r(+)=(eleFt| (1 


Putting p=muF, we obtain 


eyiplio ah 


doo 
so that 


a7 dor dior} 9 


m doo 


Next, by multiplying both sides of (39) by | 
w and integrating, we have 


M '(boleF tT (>) =rha 


Setting po=moF and rewriting ft in terms | 
of “0, we obtain 


7=(4doo/3ln) (oF Jv), (D6) 


1= Ho} oe ie Fd) (uaF jon)" : 
(D7) 


#.=(4/3h( dn Sdn) (D8) 
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Twinning behaviour of tin was investigated as a function of tem- 
perature and strain rate. The resolved shear stress for twin 
became large and the scatter of individual values was pronounced, 
as the temperature was lowered and strain rate was increased. 
The observed twinning stress was not so large as to expand the 
stacking-fault across the crystal, but it was sufficient to trigger 
twin nucleus if local stress concentration was produced, say, by 
dislocation pile-ups. As the temperature was raised and strain rate 
was decreased, deformation by slip preceding twin became dominant, 
and twin formation was finally prohibited. The activation energy 
derived from the ductile-brittle transition temperatures is approxi- 
mately that of self diffusion, suggesting that recovery due to disloca- 
tion climb releases local stress and prohibits twin nucleation. Harden- 
ing of twin boundary migration was found at low temperatures or 
at high strain rates, while the initial migration stress was not 
raised by these factors but raised by prestrain. It was about one order 
of magnitude smaller than that for twin initiation, and too small for the 
creation of twin dislocation ring on the existing twin layer. A mechanism 
of sweeping and climbing of the twin dislocation around a pole dislocation 


is necessary to explain the observedvalue. 


$1. Introduction 


Although the crystallography of mechanical 
‘winning has considerably been investigated, 
he dynamic behaviour of twinning has very 
ittle been examined. Even the critical shear 
tress criterion for mechanical twinning has 
lot yet been established well, at least in h. 
. p. metals. In the earlier experiments, as 
vas shown by Cahn”), the values of ‘critical 
hear stress’ obtained by different investiga- 
ors for material of similar purity were quite 
lifferent, and the values in any one series of 
xperiments usually had a large scatter. 

As for f.c.c. metals, however, it has been 
eported® that the critical shear stress cri- 
erion holds in the initiation of the twins, 
he value of the stress depending closely on 
he energy of the stacking fault. 

Later, Bell and Cahn‘? measured a resolved 
hear stress for twin initiation (r.s.s.t.) by 
arefully handling the zinc specimen and by 
eeping away from using pin chucks, in order 
) prevent the specimen from containing any 
vin nucleus and local stress concentration 
rior to the test. The value thus obtained 


was about one order of magnitude larger than 
that obtained by the earlier investigators. 
They concluded that the earlier investigators 
had measured not the stress to start twinning 
but the stress to spread the already existing 
twins. Further, they found that the value of 
their r.s.s.t. was altered noticeably by chang- 
ing the specimen orientation slightly or by 
changing the specimen length, and concluded 
that r.s.s.t. is determined simply by the 
tensile stress required tO bring the specimen 
to the point of double slip, which would 
raise the local stress. 

The necessity for local stress concentration, 
which would not be consistent with a critical 
shear stress criterion at the onset of twinn- 
ing, is supported by the following experi- 
mental facts: burst of twinning by the in- 
dentation under the applied tensile stress’, 
lowering of the r.s.s.t. of the indented cry- 
stals”, twin initiation at the bending plane? 
or by double slip’, delayed twinning with the 
aid of residual high strain of a surface layer 
produced in the crystal growth”, initiation of 
the secondary twin at the twin intersection®, 
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etc. The precise picture of this stress con- 
centration presented by Bilby and Entwisle” 
on the basis of semi-quantitative calculations 
is that dislocations piled up against a barrier 
generate a high local stress, large enough to 
trigger the twin nucleation, on one or more 
of the twinning planes. 

The mechanism of twin nucleation by the 
local stress concentration might be assured by 
the aid of recovery phenomena. In the circu- 
mstances where either static or dynamic re- 
covery in Zeeger’s sense! is substantial in 
the process of deformation, the local stress 
will not be enhanced high enough for twin 
nucleation, slip and other mode of ductile de- 
formation will then be preferred, and vice 
versa when the recovery is insignificant. The 
well known preference to mechanical twinn- 
ing under impact loading at low temperature 
may be the latter case. 

In this work, tin crystals were used. White 
tin shows significant recovery even at room 
temperature and at moderate strain rate’. 
It is considered to be static recovery by di- 
slocation climb, because tin has low activa- 
tion energy for self diffusion. The crystals 
were tested under the various temperatures 
and strain rates, to confirm the influence of 
recovery phenomena upon the twin nucleation 
and to discern the modes of stress concentra- 
tion and of associated recovery phenomena. 


§2. Experimental Details 


In order to avoid the activation of any 
other twin plane except the one which has 
the greatest resolved shear stress (this may 
also be necessary for the migration stress 
measurements of the twin boundary) the 
author ought to use the compression test, 
although it is less desirable than the tension 
test. The specimens were grown from the 
seed crystal and their axes made angles 15° ~ 
20.5° with [100] on the [010] great circle. 
The r.s.s.t. on the most highly stressed twin 
plane (301) (the angle ~ between the speci- 
men axis and the twinning plane is 43.5°~ 
38°) is at least two times higher than that 
on any other twin planes, and the latter was 
kept inoperative until the former covered 
almost entire length of the crystals. 

The crystals were grown from the melt of 
tin containing impurities less than 0.01%, in 
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pyrex glass tubes with inner diameter 4.2 mm. 
To prevent any slightest deformation in the 
course of specimen preparation, the pyrex 
glass tube was dissolved in hydrofluoric acid, 
and the specimen was acid cut in pieces of 
length 35mm. After about 30 hours anneal- 
ing at 180°C, oxides were removed off chemi- 
cally. Cooling down after crystal growth 
and after annealing was slow enough to avoid | 
any thermal stress. 

In the earlier stage of the present experi- 
ment, the ends of the specimen were ground 
flat and parallel by emery paper before an- 
nealing, and were lubricated with gleasey 
before testing the specimen. The mechanical 
twin started always at the ends and ata 
lower stress than that found in the later ex- 7) 
periment as described below, indicating that 
fine grains scarcely greater than 1mm re: ) 
crystallized at the ends raised local stress t 
trigger twin nucleation with ease, although) 
the effect was negligible when slip preceding 
the twin was dominant. 

In the later experiment, iron caps were 
used instead of pin chucks or soldering which 
might act as local stress raiser. Holding the 
space between cap wall and specimen closer 
than 0.1mm, they were cemented with ‘Ara- 
Idite’ which was found more stiff than the tin 
crystal for the deformation. Special device 
was made to hold the top surfaces of the 
caps at right angle with the crystal axis. In 
this case, twin started at any point excluding 
the cemented parts at higher stresses than 
the earlier case. 

The compression container in which the 
specimen was compressed at low temperature 
was such as used by Kraft et al. To 
record the load-extension curve and vary the 
Strain rate, ‘Instron Testing Machine for) 
Textile’ with load cell of 500kg was utilized. 

For the measurement of the stress of twin 
initiation, load was relaxed as soon as the 
load dropped with a loud twinning click, and 
the twin lamella just formed was observed. 
On the other hand, for the measurement of 
the migration stress of the twin boundary, 
the compression was continued until the speci- 
men was covered wholly with twinned part, 
leaving only the gripped ends. In this case, 
only poor information about twin initiation 
was obtained because the starting point of 
the twin formation was uncertain. 


0) 


. Experimental Results 


l) Effects of changing temperature and 
strain rate upon twin initiation 
‘Xperiments were mainly restricted to the 
cimens with 7=43.5°~38°. The range of 
iperature tested was between —80°C~20°C, 
| the rate of deformation was between 
5~5 cm/min. (Strain rate of 2.5~ 
%/min.) The gauge length of the speci- 
n was about 20 mm. 
‘xperiments at the temperature lower than 
room temperature (20°C) was carried out 
a the specimens into the mixture of 
thy! alcohol and solid carbon dioxide. The 
thy! alcohol atmosphere was used even at 
_Yoom temperature in order to avoid, if 
7, secondary contributions of the surround- 
- atmosphere. 


“he rate of deformation was controlled _by 


u 
| 


migration of 
slip ssi pyseoding I twin twin n twin boundary Slip 
a 
Kg/mm? 
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changing the head speed and the chart speed 
of the Instron machine proportionally. The 
rate of deformation higher than 5cm/min. 
was not applied because the speed of the 
recording pen did not follow the deformation. 

The typical load-extension curves in the 
various circumstances are shown in Fig. la~ 
Te: 

The effect of changing temperature and 
strain rate upon the stresses at which twinn- 
ing starts (solid circle), and the magnitude of 
deformation before twinning plane operates 
(horizontal line) are illustrated in Fig. 2a,b,c. 
The cross mark indicates that the twinning 
did not start within the magnitude of deforma- 
tion here illustrated. 

To summarize briefly the general features: 
i) As the temperature is raised and the 
strain rate is diminished, the magnitude of 


__migration ne relaxed, ST. 


——— 
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—60°C Fig. Ic. 
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Temperature: —80°C 
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the deformation necessary to start twinning 
increases, and the mechanical twinning 
becomes hard to realize. 
ii) In the range of twin formed under a 
dominant slip, the twinning shear stress gives 
a constant value and it becomes higher as the 
temperature is lowered or the strain rate is 
increased. Whereas in the case of the twin 
formed under an insignificant slip, a large 
scatter of the value of the twinning stress is 
found. 

(2) Effect of changing specimen orientation 

As for the slip system in tin, there is very 
little literature. According to the old litera- 
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ture, written by Obinata and Schmid’, the 
main slip system in white tin is t=[001] T= 
{100} or {110} at room temperature. Oc- 
casionally, the system ¢=[101], T={101} or 
{121} was observed. The critical shear stres- 
ses for these four systems were 189, 133, 160 
and 170gm/mm?, respectively. As the glide 
strain increases, the flow stress of the main 


ROE 
aie Strain Rate 2.5 %/min. Kg/mm? 
4 Strain 
25/ 5% 
| 
; : 1,0 
° t 
15 . 
; "8 Be 
ee gage 
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slip system increases only slightly, becaus 
tin crystals show substantial recovery eve 
at room temperature. On the other hand 
the hardening of the system ¢t=[101] is rapi¢ 
This is the reason why the system operate: 
only in exceptionally rare cases. 

Jn the present experiment, to see the effe 
of changing specimen orientation upon tw 
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nucleation, the specimens with ~=53.5° were 
prepared. (The specimen is noted as B herea- 
fter, whereas the other specimen with MS 
43.5° ~38° is noted as A.) The axis of these 
specimens made an angle of 85° with the 
main silp direction [001]. The resolved shear 
stress for main slip [001]/(100) is about three 
or four times higher than that in the speci- 
men A, but the resolved shear stress for 


Fig. 2c. (Deformation 
prior to twin is not iecorded. 


twin is nearly equal in the magnitude. The 
load-extension curve in crystal B was raise 
however, only about 25% than in crystal 
Suggesting that the secondary slip syste 
was operative in either case, although thei 
temperature range and strain rate was nd 


0) 


n B was always somewhat higher than 
t in A. This is in accord with the Bell 
1 Cahn’s hypothesis. Because in the speci- 
n B, the r.s.s. for [001]/(100) main slip is 
ich larger than that in A, and the point 
‘double slip which is supposed to begin 
th the secondary slip [101]/(101), followed 
the main slip [001]/(100), may be delayed 
m the case in A. This results in the raise 
twinning stress. 


The precise discussion must, of course, be 
sed on the observations of slip traces by 
> metallographic treatment of the specimen 
‘face, but they failed chiefly because of the 
allness of the strain preceding twin. 


3) Migration of the twin boundary 

Bell and Cahn*) measured the resolved shear 
yess of the twin boundary migration (r.s.s. 
) in zinc about one order of magnitude 
taller than the r.s.s.t., the magnitude of 
Bt stress being comparable with that 
served by the earlier investigators as twinn- 
z stress. 

In the present work, the initial r.s.s.m. is 
own by open mark in Fig. 2, and again 
rresponds to about one order of magnitude 
ialler than that of the r.s.s.t. 


Effect of changing temperature and strain 
te upon migration stress is not substantial. 
is not the temperature or the strain rate 
elf, but the magnitude of deformation 
eceding twin, which affects the migration 
“ess. 
At a low temperature, -80°C, prestrain is 
small that the r.s.s.m. shows the lowest 
Jue 70gm/mm?. As the temperature is 
ised and the strain rate is decreased, pre- 
rain becomes considerable magnitude, r.s.s. 
. then increases. When a kink band was 
rmed at the strain rate of 25%/min. and at 
e temperature -30°C or -5°C, the r.s.s.m. 
as raised about four times higher than the 
west value. Further, even at room tem- 
‘rature, when the crystal had been twinned 
-advance by impact shock, the prestrain in 
is case being very small, the r.s.s.m. 
owed then the lowest value 70 gm/mm?* 
‘ig. le). 
On the other hand, the hardening in the 
yindary migration process is affected by 
mperature and probably by strain rate. At 
om temperature, the specimen twinned in 
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advance by impact does not show hardening 
through the whole process of twinning. In 
the liquid nitrogen experiment, however, a 
serrated curve was recorded (Fig. ld). Loud 
twinning crick was heard at every moment 
of the fall of stress. At this temperature, 
the migration stress in the true sense is not 
recorded, but rapid hardening of the twin 
boundary movement and twin nucleation as- 
sisted by the local stress of the operating 
twin itself appears alternately. These results 
show that the recovery process in the tin 
crystals is operative at room temperature even 
in the twin boundary movement. 


$4. Considerations and Discussions 


It is supported by this experiment that the 
mechanism of twin nucleation by the local 
stress concentration in zinc holds in tin cry- 
stals as well, and the criterion for the criti- 
cal shear stress for the initiation of twin does 
not hold in both metals. The twinning pro- 
cess is therefore excluded, under the -condi- 
tion in which crystal recovery is dominant 
and the local stress is insignificant. The 
results of the experiments which support 
these hypotheses are as follows: 

i) As the temperature is raised and the strain 
rate is decreased, the deformation by slip 
should be large before the twin initiation. 

ii) At low temperature, -80°C, the twinning 
stress is very sensitive to the crystal imper- 
fection. Even under the constant temperature 
and constant strain rate and for the same 
crystal orientation, the observed twinning 
stress is not regarded as constant. 

iii) The r.s.s.t. varies appreciably by chang- 
ing specimen orientation. It is affected by 
the operating slip systems. 

The theory for the twin formation to ex- 
plain these results will be discussed somewhat 
quantitatively below: 

1) Model of spreading a stacking fault 

The critical shear stress for the twin initia- 
tion is, following Friedel’?, the applied shear 
stress to develope a stacking fault across a 
crystal. This model is applicable in the case 
where the energy of stacking fault is low and 
the applied stress is high. For example, in 
the case of f.c.c. metals, Suzuki and Barrett®? 
expressed the critical shear stress for twin 
initiation, 
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using double stacking fault model. Here 7 
is the stacking fault energy, D is the Burgers 
vector of a half-dislocation, T is the tension 
of the half-dislocation line, and / is the mean 
distance between the intersecting dislocations. 
The equation was in accord with their observ- 


ed values. 
But in our case on tin crystals, taking 


7=20ergs/cm?, b=0.2 x 10-* cm, 
and neglecting the resisting force due to the 
intersecting dislocations 
o6=50 Kg/mm” 

In other words, the applied shear stress of 
about 50 times larger than that observed in 
this experiment is expected by this model. 
The model is obviously not adequate in the 
case of tin. 

2) Model of twin nucleation by the aid of 

local stress 

The other model for twin initiation was 
proposed by Orowan’, and somewhat modifi- 
ed and applied by Bell and Cah* in zine cry- 
stals. If the applied stress is in some way 
magnified ‘locally’ to the theoretical twinn- 
ing stress, a twin nucleus of the critical 
diameter will be triggered. This nucleus 
will be able to grow further by the applied 
stress of the order of the observed value”. 
Because the local stress at the top of the 
nucleus will be enhanced to the twinning 
stress by its own twin dislocation array along 
the periphery of the twin nucleus. 

Now, the mechanism of the local magnifica- 
tion of the applied stress is uuknown. But 
the most probable mechanism which might 
occur in such an early stage of deformation 
is the piling up of the slip dislocations against 
a barrier, as in the case of brittle fracture. 
The number of pile-ups necessary for the 
twin nucleation is that which magnifies the 
applied shear stress on the piled up slip plane 
to the theoretical twinning shear stress 
throughout the twin nucleus of the critical 
diameter. The calculation is made by Bell 
and Cahn* in zinc, in which the twin nucleus 
is calculated by the method of Orowan, and 
the magnification of the applied stress is esti- 
mated by the expressions derived by Frank, 
Eshelby and Nabarro’. In the present case, 
we take the self energy of twinning disloca- 
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_estimated number of the pile-ups of the slit 


tion =Gb, where G is appropriate sheap 
modulus and 0; is Burgers vector of the twinnf 
ing dislocation, applied shear stress on the 
slip plane 4.410’ dynes/cm?, and the theoy 
retical twinning stress (G/2z)r i ¢ 
Orowan where 7 is the twinning shear. 


dislocations is then approximately om 
hundred, which is not unreasonable value 
Here, of course, the estimation is very appra 
ximate. For example, the theoretical twina 
ing stress will be smaller if the atomic fore 
is considered more precisely. The stress 
distribution function should be used along the 
dimensions of twin nucleus. These abbrevia 
tions make the number of the pile-ups tog 
overestimated. Whereas, the  interacti 
energy of the twin dislocations is neglected, 
This makes the number of the pile-ups t i 
underestimated. ; 


i 
| 


ot 


3) Twin prohibition by recovery a 
These piling-ups of the slip dislocations 
may be released with the aid of therma 
activation, and the twin nucleation will : 
prohibited, if the temperature is raised and 
the strain rate is decreased. On the contrar | 


tion will be operative. 


The situation is analogous to the case off 
the ductile-brittle transition in iron polycry=} 
stals. The following treatment is essentially 
that of Stroh’? except that the release occursé 
by recovery process instead of the operatio H 
of Frank-Read source in the neighbouring 
grain, and the activation energy U for thee 
stress release is then the energy correspond 
ing to the recovery process, not to the break 
ing up of Cottrell locking. 


The mean time for stress release is, in thee 
atmic scale, 


r= exp {U/kT} . 

The probability that the release does not 

occur in a time interval ¢ will be 
b= expt —t/c}. 

= exp [—vt exp {—U/kT}] . 


960) 


Te UR ve. 


‘he effect of strain rate is introduced through 
_ t is the order of time elapsed before the 
train reaches & necessary for the twin initia- 
on. Apart from numerical factor, we expect 


flere, being different from the case of fra- 


ture both & and €& are the values beyond 
ne elastic region. The transition tempera- 
ure is related to the strain rate in the from 


1/T.= —(k/U) log €+(k/U) log vé 


»g € is plotted against 1/T. in Fig. 3. The 
nark 4. shows the transition point, and lines 
p with the inclination giving an activation 
mergy of about 0.58eV (13 kcal). This is 
ompared with the activation energy for the 
elf diffusion in tin, 10.5 kcal in c direction!®, 
uggesting that twinning is prohibited by the 
islocation climb. Here, the self diffusion in 
meen is rejected, for it involves ring 
yechanism*®). According to Mott’s theory?”, 
ne rate of climbing is 

: vexp {—(E—rnb'o)/kT} 

there »y is atomic frequency, 7 is a numeri- 
; constant of order of unity, o is the flow 
tress and 7 is the number of pile-ups. £ is 
ae activation energy for a free dislocation 
nd of the order of that for the self diffusion. 
sat if the jogs is not supplied enough, it in- 
olves the formation energy of jogs which is 
qual to about one half of the energy for the 
elf diffusion. Taking into account the forma- 
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tion energy of the jogs, the obtained activation. 
De U corresponds to that for climbing, 2. 

, E—ynb*o, which is weakly dependent on 
stress tor m~100. U will also correspond to 
the activation energy for creep in tin, 11 
kcal, interpreted by the climb mechanism. 

As for the other mode for the release, for 
example, the operation of F-R source from 
Cottrell locking or cross slip by the breaking 
up of Lomer-Cottrell barrier, nothing decisive 
can be said, because the activation energy 
for them can hardly be estimated. But the 
former is hard to conceive because the tran- 
Sition point illustrated is well beyond the ela- 
stic region, and the latter is also put aside 
because the cross slip in tin has not been re- 
ported. 


4) The nature of barriers 

The nature of barriers dumming up the di- 
slocation array is left to be discussed. At 
an elevated temperature and a decreased 
strain rate, it is expected that double slip 
generates barriers resulting the pile-ups of 
dislocations, as was shown by Bell and Cahn. 
This is because, in the present experiment, 
twins start simultaneously at many points 
along the gauge length of the specimen under 
such conditions. 

While, at low temperature and at high 
strain rate, the above model is not reasonable. 
Because twin operates under the applied 
stress not far from elastic limit, with insi- 
gnificant lattice rotation. Instead, other types 
of stress concentrators are expected. For xe- 
ample, Frank partial sessile dislocations”, 
dislocation arrays of opposite sign on nei- 
ghbouring slip planes’, segregation of impu- 
rity atoms during annealing, etc. Even the 
constraint at the cemented part seems to act as 
stress raiser. Here, we put aside nucleation 
by thermal stress or phase transformation at 
-80°C, because nucleation click was not heard, 
and the specimen kept -80°C for 2.5 hrs did 
not show any traces of phase transformation 
by X-ray examination. 


5) The stress values for twin initiation 

If we admit the nature of stress concentra- 
tors as described above, the variation of the 
stress for twin initiation is understood as fol- 
lows. Under the condition of dominant slip, 
the stress for twin initiation, if it occurs, 1s 
determined simply by the magnitude of the 
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flow stress at the point of double slip form- 
ing barriers. The raise of the twinning 
stress by the lowering of temperature and by 
increasing strain rate as well as the marked 
change of the r.s.s.t. with crystal orientation 
js a natural consequence. Whereas, in cases 
with insignificant slip, twin initiates in the 
course of rapid hardening of the flow stress. 
Thus the large scatter of the twinning stress 
results. The scatter of the r.s.s.t. in the 
orientation of insignificant slip was also 
observed under impact test, which would 
correspond to the low temperature experiment. 


6) The resolved shear stress for boundary 
migration 

Last of all, the magnitude of the r.s.s.m. 
jis referred to. Let us estimate the r.s.s.m. 
necessary for successive nucleation of a twin 
dislocation ring on the twin surface. Here, 
a new stacking fault energy or twin boundary 
energy is not required. The shearing stress 
necessary to form a hill of one atomic height 
on a coherent twin boundary is therefore 
calculated like that required to form a slip 
dislocation ring in a perfect crystal?®. The 
critical radius of the hill under the observed 
minimum r.s.s.m., 70gm/mm?, is 3400 A, the 
activation energy of 25.5eV is then required. 
If the creation is allowed under the activation 
energy of the order of 0.4eV, the r.s.s.m. 
required is 1.6 Kg/mm?, much larger than the 
stress for the ‘twin initiation’. The nuclea- 
tion of this ring by the piling up of slip di- 
slocations against the twin boundary is also 
rejected. Because the applied stress giving 
the minimum migration stress is far from 
giving a critical shear stress for any slip, and 
the constancy of minimum r.s.s.m. at various 
temperatures and strain rates refuses the 
process which requires the thermal activation. 

The most probable model for the migration 
of twin boundary is the continuous growth on 
an atomic scale by the sweeping twin disloca- 
tion around a pole dislocation, such as 
presented by Cottrell and Bilby*®. The 
migration stress is then the resisting 
force to the moving twin dislocation. The 
resisting force will be dependent on the cry- 
stal perfection. In crystals prepared by re- 
crystallization, the minimun r.s.s.m. was re- 
ported?» to be 50gm/mm?, somewhat lower 
than the present experiment. The raise of 
of the stress by the deformation preceding 
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twin is a natural consequence. But the resist- | 
ing force will be only weakly dependent on 
temperature and strain rate, because a jog 
in the twin dislocation does not necessarily 
drag vacancies. Of course, accomodation pro- 
cess accompanying incoherent twin boundary 
movement will be necessary in the later stage 
of migration, this will result in the hardening 
of the migration stress at low temperature. 


In conclusion, the author wishes to express 
his cordial thanks to Prof. K. Tanaka, Kyoto 
Univ., for his cotinuous encouragement and 
criticism on this subject. He also wishes to 
thank to Prof. J. Takamura, Kyoto Univ. 
for his instructive suggestion, and to Prof. T. 
Sugeno, Tokyo Univ., for his criticism. His 
thanks are especially due to Dr. H. Kiho, 
Kyoto Univ., for his stimulating discussions 
throughout this work. He is much indebted — 
to Master T. Kishimoto and Mr. H. Ito, Japan” 
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The ordered Au,sMn alloy has been investigated by electron diffraction, 
This ordered alloy has been found 


below about 400°C to have the body-centred tetragonal unit cell which 


is 2.5 times as large as the fundamental cell in volume. 


The structure 


is isomorphous to that of Ni,Mo and belongs to the space group [4/m— Cis 


This structure is not the so-called anti-phase domain structure. 


Some 


qualitative discussions have been given of the structural transition be- 
tween the ordered AusMn and Au3Mn and of the origin of ferromagnet- 
ism in Au,Mn, on the basis of the proposed structure model. 


1. Introduction 

In Part I of the present study”, the structure 
)f the ordered Au:Mn alloy was investigated 
yy electron diffraction, using thin single- 
‘rystalline films prepared by evaporation, and 
t was shown that this alloy possesses a two- 
limensional anti-phase domain structure of a 
1ew kind, whose fundamental lattice consists 
f a face-centred orthorhombic cell with the 
itomic arrangement similar to CusAu. On 
he other hand, it was found by Kussmann 
nd Raub” that the alloy AusMn has an 
dered face-centred tetragonal lattice (c/a<1) 
elow about 420°C, but its atomic arrange- 
nent has as yet been unknown. According 
o the said authors and Meyer®, the ordered 
\usMn alloy is ferromagnetic below about 
8°C. The structure determination of this 
rdered alloy, therefore, seemed to be neces- 
ary from the crystallographic as well as from 


* A short note concerning this work has been 
ublished in Acta Cryst. 10 (1957) 483, 


the magnetic points of view. The present 
author studied the superlattice of AusMn by 
electron diffraction, using thin single-crystal- 
line films, and was able to determine its com- 
plex ordered structure. 

In the present paper, it will be shown that 
the ordered Au:Mn phase has not the so-called 
anti-phase domain structure but a body-centred 
tetragonal lattice with a unit cell of NisMo- 
type which is 2.5 times as large as the dis- 
ordered unit cell in volume. 


§2. Experimental Results 


In the present study, the experimental pro- 
cedures involving preparation of specimens, 
heat treatment and electron diffraction tech- 
nique were quite the same as those in Part I. 

The alloy films containing manganese less 
than 25 per cent** showed diffraction patterns 
of AusMn-type superlattice after quenching 
from temperatures above 400°C. When they 


#*& In the present paper, all percentages refer to 
atomic per cent. 
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were annealed for a long period below 400°C, 4 s s ) 5 
however, the patterns changed their aspects 

as follows: The specimen giving the pattern 

as shown in Photo. 1 (a) (a:=4.09, a.=4.06, . 
as—4.04+0.01A, Mi=1.18, M2=2.23*) after 

quenching from about 400°C showed the 
pattern as shown in Photo. 1 (b) after anneal- ae 
ing at 360°C for 24hrs. In this pattern, we ae 
can see a new kind of superlattice spots be- 

sides those of AusMn-type. The longer the 
annealing time, the stronger the intensity of . 
new spots became, and the superlattice spots 
consisted of those of a new kind alone after 


(200) : (400) 


* 
* 


e ¥ 


further annealing at 350°C for 40hrs., as ™ w wr é 
shown in Photo. 1(c). Photo. 1(d) shows the ee ee — 
pattern of the same film as in Photo. 1 (c) (c) 

taken at oblique incidence, the angle between 


the incident electron beam and the film normal] ee ee 
being several degrees. The further annealing 
below 350°C did not change the aspect of the 
pattern any more. The pattern changed al- 
most reversibly when the specimen was again 
heated at higher temperatures, and the spots 
of Au;Mn-type structure entirely recovered 
their intensity at about 400°C. 

The above observation enables us to suggest 
that the alloys containing manganese less than ee (000: 
25 per cent possess below 400°C an ordered | (a) 


Photo 1. Electron diffraction patterns obtained 
after annealing at various temperatures from 
thin alloy films containing about 20% Mn. 
Indices assigned to main reflections are referred 
to the disordered cubic system. 

(a) Annealed at 400°C; normal incidence. 

(b) Annealed at 360°C for 24 hr.; normal in- 
cidence. 

(c) Further annealed at 350°C for 40 hr.; nor- 
mal incidence. 

(d) Diffraction pattern of the same film as in 
(c); oblique incidence. 


ee) ee 
* 


structure different from that of AusMn-type. 
Moreover, it was found by Kussmann and 
Raub that the alloy AusMn has an ordered 
lattice below 420°C which is different from 
the AusMn-type lattice, as already mentioned, 
and therefore it seems that the ordered struc- 
ture observed in the present experiment is 
identical with that of AusMn. In fact, the 
Co lattice spacings measured from all the diffrac- 
(b) tion spots agree well with those obtained — 
= = 7 from an X-ray Debye photograph by Kuss- 
* Mi and M; have the same significance as in mann and Raub, as shown in Table I, and so 
PartiI. it is sure that such patterns as shown in 


60) 
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Table I. Lattice spacings and intensities of reflections for the ordered Au,sMn. 
Index bi % a f 
ica - inde. ABD) Tops. Tent, dxray (AY* Bae 
fs, He, Hs | Lj he Flot ecEs! | a Se cal x-ray (A) x-ray 
Beene riguy sai 1 V9 | yes wy. Bias [aes sooty OIE 7 
nid: aderel onge war 1 3.42 Ss 2 Bot | ia. tee do rae 
4 ee 5 | a é: : Sa Ww. Lia, 3.246 | Ww. 
Renitaditettin alo ate wyrel b 2-345 eeetaitian es \ 2.349 | wvst 
SS ae ee eee 2.281 w. 1.7 es Tage 
} , 2 | > , . . t. 1 
Rabiaicresnsco) ciajor soltel jp} 2-038 tie seroien cy } 2.043 st. 
QO, 0, 2, 0, 0, 2 2.015 v.v.st. 98 2.017 m.st. 
ae eae O,. “3% <1 1.897 w. 1.3 1.890 v.W. 
— we i! 1.843 w. | B2 1.839 Vw. 
me. 6, @2 Dijon De? 1°710 Nex eee 1.0 1.705 v.w. 
ee we: eee eS 1.635 VeNi ee | 1.0 1.637 Vv.V.W 
iy 0, «44770 1.611 wim Cit 0.9 i ia 
> 6. 10 Soe 1.519 v.w. 0.9 
4, 12 ne Ge 1.510 Pi. aa g Ney Leis wag 
Sr ie Ate Loa) PTE | v.W. 0.8 
cit iene! 1 ta ee | \ aie: vw. 0.8 } itil i ieee 
HO 10, 3 0 Doe, at a) v.st. 51 | 
me B15 girs | ehareed thee 440 ee ae \ 1.435 | mest. 
eto. ae ba? SZ | V.W. 0.8 
fo, of 2 RUE Bat es \ 1403 vst. 50 } Fe st. 
ifs Be 3 0, i 33 | 31/6 V.W. Ona 1.308 V.V.W 
c—i4 O fi 5, a 1.264 v.W. 0.6 jen 
Ne AAR Oe ek 2 1.259 v.W. 0.6 : Ne 
Sao phat emt st. 35 .é 
missresieq 1 4, 3, 1 | 1.229 st. 35 y 1.224 v.v.st 
im, 9 1 Bi ee been al V.W. 0.6 
mee! Ay. 3 2 high 2n8 1.218 V.w. 0.6 ) 
mm, oO, 3 RS wt : st. | 35 f 1.214 mest: 
mo, 6, 2 Be os50 2 ezi4 v.W. 0.6 | 
mm 10, 2 J oe) 1.173 st. 32 1.169 st. 


dx-ray and Ix-ray are the data obtained from an X-ray Debye photograph by Kussmann and Raub. 


hoto. 1(c) and (d) are obtained from the 
cdered structure of AusMn. The fundamental 
sj] of the alloy referring to the original dis- 
-dered unit cell is face-centred tetragonal, 
ith the lattice constants 

1=2=4.08, ds=4.030.01A, as/a:=0.988. 
‘he pattern in Photo. 1 (b) is considered to 
>veal the transition state from the ordered 
u:sMn-type structure to the ordered AusMn- 
7pe structure. 


3. Determination of the Ordered Structure 


The superlattice reflections in the patterns 
1own in Photo. 1(c) and (d) appear as if 
ney are formed as a result of the splitting 
f the reciprocal lattice points with mixed 
itegers, ju, 2 and fst, and it may be sus- 
ected that the alloy Au.,Mn possesses some 
ind of anti-phase domain structure. Figs. 
(a) and (b) are illustrations of the patterns 


t hy, hy and hz are used in terms of the funda- 
ental lattice. 


in Photo. 1(c) and (d) respectively. It was 
found from the fine splits of main reflections 
as wellas from the positions of the superlattice 
reflections in Figs. 1 (a) and (b) that the pat- 
terns correspond to a superposition of such 
three orientations that the tetragonal axis of the 
ordered lattice distributes into three directions 
of the original disordered cubic axes. After 
a careful examination the intensity distri- 
bution in reciprocal space which corresponds 
to one orientation can be induced, as shown 
in Fig. 2(a). Since a set of four spots which 
are considered to be split from (100) or (101) 
is superposed on a set split from (010) or 
(011), respectively, when the reciprocal lattice 
is rotated by 90° around the hs-axis, some of 
the superlattice spots depicted in Fig. 2 (a) 
may not be necessary in the fundamental in- 
tensity distribution. But, as this is unknown 
from the observation, we cannot help utilizing 
Fig. 2(a) in order to proceed the analysis. 
There are two values of separation, “7,” 
and “m2”, in the split, as shown in Figs. 1 
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and 2(a), and they satisfy the following re- 
lations, 
m1/2=ar*/2.5 - m2/2=ar*/5 5 

where a:* is a reciprocal lattice constant cor- 
responding to a. If the split is formed as 
a result of the formation of anti-phase do- 
mains, the alloy AusMn is likely to possess 
a two-dimensional anti-phase domain structure 
because of the appearance of two values of 
separation in the split, and the sizes of the 
domains have to be 1.25a1 and 2.50a1, respec- 
tively. But these values in the present alloy 
never changed with a change of the composi- 
tion, unlike the ordered alloys with anti-phase 
domains, CuAu(I])”, CusPd®, Ag;sMg® and 


| 


me myo st 
2 


oye - 
“eo @ 
| my err ahs mM) : my, 
+ ABM eed m,/2 pen iors 
—~ - —S5- 2s. f— Seen 5 eeine 
fee 
“6 (220 )eup 
eo: 0 
| —a; S ’ e > 
, e e 2 
°,.@ @|@ 
G 
Direct £419 (20 Oeup, bd (400)cub. 
Spot 04 Mp Mo 
2'2 Bis 


(b) 
Fig. 1 (a). Ilustration of Photo. 1 (c). 
(b). Illustration of Photo. 1 (d). 


i 
Au;Mn”, and moreover, we cannot explain 


phase domain structure based upon the CusAu 
type atomic arrangement. . | 

We shall carry out the structure analysis i 
on the basis of the space group. In orde | 
that all the reflections may be indexed with } 
integers, a large unit cell must be taken, the We 
size being 5a:x5a2:xasz, and the indexing of | 
the reciprocal lattice points corresponding to 


e_» 


-—¢2i= 
ee ) 


pate ety! 
Soe [= eee a 


he 


Fig. 2 (a). Intensity distribution in reciprocal : 
space induced from diffraction patterns of 
AusMn film. 


(4,12.0@2- 4 eB 2- (620) 
(420) 


Fig. 2 (b). Indexing of the reciprocal lattice 
points in Fig. 2 (a). 


this unit cell is shown in Fig. 2(b)t. The 
possible space group satisfying the extinction 
rule is Cj,-P4:/n. The large unit cell is 25 
times as large as the fundamental cell and 
there are 100 atoms in the unit cell, i.e. 20 
manganese and 80 gold atoms. Since the 
fundamental lattice of this ordered alloy is 
face-centred as in the case of AusMn, we can 
easily determine the positions of atoms as. 
follows: 4 atoms must be situated on 4 (c) 


t In Fig. 2(b), indices, (H,H2H;), are used” in 
order to distinguish from (hihegh3) in Fig. 2 (a). 


960) 


sitions (000; 3430; 034; 303) and the remaining 
6 atoms on twelve kinds of 8 (g) positions 
I (Xt, Yi, 22 4—H0, 3—Ms, Zi Je, FG, Be 
E+¥i, M,3+z: X Bot Nine Vis 26: 
ee: —Ji, X14, ¥— Zi) 

vith ai—0% eee kinds of parameters, x: 
nd yi, are given by 


Lieven cee 


eee oie 


tO yO": Le ty, (es 
) ee -U.2, y2=0 Kee 0.0, Va a 
ce —0.2, Vs—0.2 5 Xou— 01280 =0.6 
| ee ailteed\ — (ere X%10=0.6, Yro=0.4 
mes — 023, V5—=0F1: iV Osey ii 0-2 
%=04, %=0 5 t2=0, y2=0.2 


> is most reasonable to arrange 4 and 16 
langanese atoms on 4 (c) positions and two 
inds of 8 (g) positions, respectively. The 
oor amplitudes are given by 


(i) F= 4Byin+8 3) Ei 


-COS nel H,— Hp)xe-+ (H+ Eb) vil 
-cos z[(Ai + He)xi—(Ai— H2) 91] , 
or Ai+H:=2n, H2+Hs=2n; 
Gi) F=-83 BE 
-sin z[(Ai — Ae) xi + (A+ Ae) yi] 
-sin z[(Hi1+A2)xi—(Ai— He) 91] , 
oe A, Ae=2n, H2+ He=2n-+1; 
oii) .F=0, 
w H,+H2=2n+1, H2+Hs=2n, and M+H: 
=2n+1, H2+H;=2n+1, 


there E; is the atomic scattering factor for 
lectrons of i-th atom. After a detailed trial, it 


—— 


as cares, 


O Ha Aon, QB Au Aton 


‘jg. 3. The Au,sMn structure corresponding to 
(A)-lattice, viewed along [001]. 
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was found that there is no atomic arrangement 
which can completely explain the intensity 
distribution in Fig. 2 (b) by itself. But kinds of 
we consider the following two kinds of posi- 
tions of manganese: (A), (x, yz, 0) and (xs, ys, 0),. 
(B), (s,s, 0) and (%s, ys,0). The former ar- 
rangement can explain only one half of the 
superlattice spots and the latter only the 
remaining superlattice spots. Fig. 3 shows 
the atomic arrangement corresponding to (A). 
It is readily understood that the arrangement 
corresponding to (B) is crystallographically 
identical with that in Fig. 3, that is to say, 
we can produce the former, (B), by rotating 
clockwise the latter, (A), about the as; axis. 
by ~53°. Here, we shall call these two types 
of lattice “ A-lattice ” and “ B-lattice ”, respec- 
tively. The intensity distribution in reciprocal 
space corresponding to the model in Fig. 3 
(A-lattice) is derived as shown in Fig. 4. It 
should be noted that the reciprocal lattice 
shown in Fig. 2 corresponds not to a true 
single crystal lattice of Au:Mn but to a super- 
position of the A- and B-lattices. 


(680) (840)® 
(4,12,0), 
Hz (0, 10,0) (40) (000) 
Fig. 4. Intensity distribution in reciprocal space 


corresponding to Fig. 3. 


Although the unit cell with the size of 
5a. 5a2X a3 was adopted in the above analy- 
sis, it is known from Fig. 3 that a true unit 
cell of the ordered lattice is represented by 
the small cell indicated by the broaken lines 
in Fig. 3. It is body-centred tetragonal and 
2.5 times as large as the fundamental cell in 
volume, the lattice constants being 


a’ =a: = 5/2 1=6.454 , Gs =A Oe . 
a3’ [a1 =0.625 - 


Atoms included in the cell are ten, i.e. eight 
gold and two manganese atoms. The space 
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group for this cell is /4/m—C3,, and two 
manganese atoms are placed in 2 (a) at 0,0, 0 
and 3,4,3 and eight gold atoms in 8 (h) 
£6000, 02 BREE BPP BHOF Ay, ORR F EH, 0; 
y’, x’,0} with parameters x’=0.2, y’=0.4. 
The structure amplitudes are given by 
F’ =2Evnt+4Eaut{cos 22(Mi’x’ + Ae’y’) 
+cos 27(Ai’y’ — H2’x’)} . (2) 
The relation between the reciprocal lattice 
corresponding to the new cell and that in 
Fig. 4 is shown in Fig. 5, where indices refer 
to the true cell. The calculated intensities, 
using Eq. (2), are tabulated in Table I and 
agree satisfactorily with the present obser- 
vation and also with the X-ray result obtained 
by Kussmann and Raub”). 


©(321) 


6(211) 


Fig. 5. The relation between the reciprocal lat- 
tice corresponding to the body-centred tetragonal 
cell and that in Fig. 4. Indices refer to the 
bicstercell. 


Abs 


(200 kub. 


—T~~= 


(000) 


Fig. 6. Sixfold superposition of the 
distribution in reciprocal space. 


intensity 


While Fig. 4 or 5 represents the intensity 
distribution in reciprocal space corresponding 
to one orientation of the lattice, there are 
six possible orientations in an actual ordered 
alloy, because, first, the a,’ axis in Fig. 3 
can take either position making a positive or 
negative angle of 18.5° to one of the original 
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cubic axes, corresponding to the above-men- 
tioned A- or B-lattice and, secondly, the 
tetragonal axis can lie along any of the three 
original cubic axes, as already considered in 
the introduction of Fig. 2(a). In Fig. 6, the 
sixfold superposition of intensity distribution 
is given. Photo. 1(c) corresponds to the in- 
tensity distribution in the plane of coordinates 
of Fig. 6, while the arrows in Photo. 1 (d) 
indicate the intensities not lying in this plane. 


§ 4. 


In the present electron diffraction study it 
was elucidated that the ordered Au:sMn alloy 
has not the so-called anti-phase domain struc- 
ture in spite of the resemblance between the 
diffraction patterns of the present alloy and 
those of the ordered alloys CuAu (II)*’, CusPd® 
and Au;Mn” but a body-centred tetragonal 
lattice belonging to the space group /4/m— 
Cy, as described in the preceding chapter. 
This type of ordered structure has already 
been found by Harker” in the alloy NisMo. 


Discussion 


Fig. 7. The relation between the ordered Au3Mn- 
type structure and the ordered Au,Mn-type 
structure. The open and closed circles repre- 
sent Mn and Au atoms, respectively. Out-of- 
steps in the AusMn structure occur at places 
indicated by dotted arrows. The full arrows 


show the possibility of interchange between 
nearest neighbor atoms. 


1960) 


He determined this structure, analyzing X-ray 
Debye patterns, and called the fifth ordered 
structure of the face-centred cubic lattice. 
Subsequently, Epremian and Harker’) found 
the same type of structure also in the alloy 
Ni.W. It seems noticeable that the Ni,Mo- 
type ordered structure was confirmed in the 
present case, using single-crystalline patterns 
of evaporated films. 

As seen from the patterns in Photo. 1, the 
AusMn alloy possesses the ordered Au:;Mn- 
type structure above about 400°C. Here, we 
shall consider the mechanism of the structural 
transition between the ordered AusMn and 
AusMn in terms of both the present model 
and the atomic arrangement elucidated in 
Part I. One of examples of the atomic ar- 
rangement of Au;Mn-type corresponding to 
the pattern in Photo. 1 (a) is shown in Fig. 7, 
where M; and M2 are assumed to be 1.2 and 
2.2 respectively, the dotted lines represent 
the line-up directions of anti-phase domains 
and the full lines correspond to the directions 
parallel to ai’ and a2’ axes of Au:Mn lattice. 
It is readily known that the transformation 
can be done only by the interchange of near- 
est neighbor atoms, as shown by full arrows 
in Fig. 7. While the above model corresponds 
to the 25 per cent manganese alloy, the cir- 
cumstances seem to be much the same for 
20 per cent manganese alloy. 

Manganese atoms are farther distant from 
one another in the present ordered structure 
than in the ordered Au;Mn: all the twelve 
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first nearest neighbors* of a manganese atom 
are gold atoms, and among the second and 
third nearest neighbors there are only two 
and eight manganese atoms, respectively, 
Manganese-manganese distance being 4.03 and 
4.99A, which are far larger than in metallic 
manganese. These circumstances may be re- 
sponsible for the occurrence of ferromagnetism 
in the ordered AusMn alloy. 

The present author wishes to express his 
sincere thanks to Professor S. Ogawa for the 
kind guidance and encouragement. His thanks 
are also due to Dr. M. Hirabayashi whose 
discussion was very useful. 

The present investigation has partly been 
supported by the fund of the Ministry of 
Education in Aid of Scientific Researches. 
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The Binding Energy of the 7 Bond, II. 
Application to the Diamond Crystal. 


By Kiyosi O-OHATA 
Physics Department, Tokyo Institute of Technology 
O-okayama, Meguro-ku, Tokyo 
(Received November 17, 1959) 


A calculation of the cohesive energy of the diamond crystal has been 
carried out by using the general scheme which is derived by the Heitler- 
London approximation in the preceding article. It has been found that 
the value of the binding energy is about 3.26eV per a bond in rather 


good agreement with the observed one. 


$1. Introduction 

In the preceding article’) we have derived 
the general scheme for calculating the bind- 
ing energy of the o bond. The aim of this 
article is to apply this scheme to the calcula- 
tion of the binding energy of the C-C bond 


in the diamond crystal. 


§2. Atomic Wave Functions and Energy 
Leaves 


We will use the following atomic orbitals 
.of the Slater type: 


a}=/8 exp (— dor) , 


23°)=ay/ por ehiswed) 221 


32 
Cx i exp (— dr), etc. 


-~where 0) and 6 are parameters of which 
values are here taken to be 5.70 and 1.60, 


respectively. These values are chosen so as 
to be approximately equal to the correspond- 
ing ones given by Slater and Zener.” The 
small difference of these values may not yield 
any serious change to the following results. @ 
and 6 are parameters determined by the con- 
dition of the orthogonalization between 1s and 
2s functions. The total energy of the ground 
state and the energies of the excited states 
relative to that of the ground state are cal- 
culated, of the carbon atom, by the use of 
the atomic orbitals (2.1). The results are 
given in Table I, where the comparison is 
made with the corresponding experimental 
ones. 

As a whole, the agreement between the 
calculated values and the observed ones is 
satisfactory in spite of the somewhat arbitrary 
choice of the parameters. The calculated 
value of the total energy of the ground state 
is 6.4eV larger than the experimental one. 


Table I. The total energy of the ground state and the energies of the excited states relative 
to the ground state of the carbon atom. 
~-Silecuon ol ae | 
configurations States Calc. values (in eV)* | Exp. values®) (in eV) 
3P | 0.00 (—1023.4)** | 0.00 (—1029.8)#* ; 
sp? 7) 1.84 | 1.26 
1g 4,59 2.68 
5S Dei) 4.16 
3D | 8.83 7.94 
8 | 
pe E | 10.66 9.33 
3S 15.58 = 
| 
1p) | 16.20 S12 
1p | 17 Al a 


* We take la.u. as 27.204eV. 


kk 


“* The values in brackets are the total energy of the ground state. 
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1960) 


This state of affairs does not change appreci- 
ably, even if we use the Hartree wave func. 
tions.” As seen from Table I the calculated 
excitation energy to the °S state is smaller 
than the experimental one by about 1.5 eV. 
This can be expected from the fact that the 
correlational energy in the *S states is smal- 
ler than that in the *P state. Thus we take 
the *S state as a reference level in the cal- 
culated atomic energies, and assume that the 
ground state *P lies by 4.16eV below the °S 
state, taking into account the exerimental 
value for the energy separation between these 
states. The energy of the ground state de- 
termined in such a way is also about 5eV 
larger than the experimental one. This dif- 
ference is mainly due to the correlational 
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energy between the two electrons in the ls 
orbital. The detail discussion on this problem 
was reported by Arai and Onishi.» The dis- 
crepancy between the calculated and experi- 
mental values above mentioned may not give 
rise any any serious error in the calculation 
of the binding energy, since it might be legi- 
timate to treat the two electrons in the 1s 
orbital as the core electrons and to assume 
the same correlational energy in both of the 
free and bound atoms. The tetrahedral va- 
lence state V.; of the carbon atom is calculat- 
ed to be 4.15eV above the °S state. Thus 
we assume 8.31 eV for the excitation energy 
of Vs: state from the ground state. This 
value corresponds to the promotional energy 
for the infinitely separated atom in diamond 


Table II. The ionization potentials and electron affinities in the valence state 
of the carbon atom. 
| Calc. values Estimated values 
Ionization H(Ct, p®, V3)—E(C, sp?, Vs) 19.74 eV 21.06 eV 
potentials Ei (C+, sp?, V3)—H(C, sp?, V4) 9.54 inlays 
Electron E(C, sp?, Vs) —H(C-, spt, V3) —7.50 0.69 
affinities HCC, sp?, Vs)—H(C—, s?p, Va) 4.31 8.79 
in the Heitler-London approximation. 
We have also calculated the ionization po- D’ D 


tential and the electron affinity for the valence 
state V.(sp*) of the carbon atom. These cor- 
respond to the case where one electron is 
subtracted from or added to the electron con- 
figuration 1s)*2s)!2px)!2py)'!2pz)'. The result 
is listed in Table II, where the values esti- 
mated by Mulliken® are given for compari- 
son. As seen from this table, our atomic 
orbitals are suitable to compute the ionization 
potential, but not to the electron affinity. 
This is familiar fact suggested by Moffitt,” 
but we do not adopt any particular treatment 
to avoid this defect. For necessity in the 
calculation of the later section, we have also 
computed the ionization potential for the tet- 
ravalent state Vi:(sp*) to be 13.24 eV. 


§3. The Binding Energy of Diamond Cry- 
stal 
Diamond consists of the equivalent carbon 
atoms liked together by the equivalent C-C 
o bonds and can be considered as a saturated 
giant molecule. The spatial arrangement of 
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Fig. 1. Structural Diagram of the Diamond 
lattice. Capital letters show the constituent 
atoms and small letters denote the directional 
valence orbitals. 


the atoms in the diamond crystal is shown in 
Fig. 1. We assume the nuclear distance 
between the nearest neighbour atoms to be 
1.54A. The method for the calculation of 
the binding energy of the o bond with the 
Heitler-London method was given in I. The 
binding energy D(AB) of a bond A-B ina 
saturated molecule was given by Eq. (6.1) in 
I, that is, 
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(3.1) 
where 71, %s, Mc and mp are the total num- 
bers of the valence orbitals of the atoms A, 
B, C and D, respectively, and all of them 
are equal to 4 in the diamond. E4*—E4 and 
Ex*—E,, being the promotional energy from 
the ground state to the tetravalent state in 
the carbon atom, are taken, from the preced- 
ing paragraph, as 

E*—Ea=Ep*—Ep=8.31 eV. (3.2) 
The expressions of Q(AB), Q(AC), Q(BD), 
Jj) and J(zj, kl) are given in I in terms of 
the overlap and molecular energy integrals, 


Nearest neighbour 
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Table III. The values of d’s. 
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of which values can be obtained by using the 
tables given by Kotani et al..” After a tedi- 
ous calculation we get 

D(AB)=—3.54eV (3.3) 
as the binding energy of a C-C bond in the 
diamond crystal. To obtain the value (3.3) 
from Eq. (3.1), we took the summations = 


and >) in Eq. (8.1) only over the second 
D 


neighbour atoms from the atoms A and B, 
respectively, since the total contribution from 
the third neighbours is very small (~—0.005 
eV). We also took the summation > in Eq. 


(3.1) over the nearest and second nearest neigh- 
bour bonds with respect to the bond (7), since 
the value of 4(i7, kl), which is found in the 
expression of /(ij, kl) and manifests the effect 
of the non-orthogonality between the two 
bonds (27) and (Al), may be exceedingly small 
in the case that the two bonds (27) and (Rl) 
are the third or more remote neighbours. The 
values of 4(zj7, k/) are listed in Table III for 


Second neighbours* 


gauche 


ACij, kel) 0.05555 34 


| 0.01248 76 0.01407 17 


| trans 
2 


* There are two kinds of the second neighbour bonds with respect to a bond (ij), as seen from Fig. 1. 
The first locates at the gauche position and the second at the trans position for the bond (a9). 


Table IV. The values of J(zj, kl). 


(in eV) 


Nearest neighbour 


Second neighbours 


gauche | trans 


J(ij, kl) | 


—1.543 


ss | 
—0.161 | ~0.066 


the first and second neighbour bonds, and 
the values of the corresponding J(ij, kl) are 
listed in Table IV. The values of the other 
terms in Eq. (3.1) are 

Q(AB)=—5.773 eV, Jij)=—4.50 eV 
and 


ee Q(AC)+ Q(BD)}=—0.317 eV. 
In the evaluation of the value of J(j, kl), we 


assumed that the values of the many center 
energy integrals can be estimated by the Mul- 


liken approximation analogous to Eq. (5.6) in 
I, and further j(ij, kl) involves the operator 
depending only on the potential of the atoms 
to which the orbitals ¢:, ¢;, x and ¢: belong. 
The latter assumption is approximately war- 
ranted by the former assumption. This is 
explained in the following. 

The original form of J(ij, kl) can be writ- 
ten so as to involve the potential of the whole 
molecule, that is, it is seen from Eq. (4.6) in 
I that the terms of the following two types 
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+ 2S palVq,43) (3.5) 
are involved in J(ij, kl), where Jij=(¢i\h14)), 
h is the part of the total Hamiltonian depend- 
ing only on one electron, Ci»=(¢idi; bn¢p), 
Di, 9q=(bids3 dra), Noa,t5=(bvba; ¢i¢;), and the 
summation extends over all the orbital pairs 
other than the two pairs (77) and (R/). Us- 
ing the Mulliken approximation, we can esti- 
mate the above two terms as 


a=Tet+ Dd’ (Cipt+Cig) , 
(pa) c 


5 (3.6) 
Bis=Leg + DY” (Do t3+Datj) « 
(pq) 


Y~= of the atom 


These involve the potential 
X which is expressed as 


SiR VEC (3.7) 


where V* denotes the core potential of the 
atom X, Cz represents the Coulomb potential 
due to the electron in the orbitial ¢:, ¢z is a 
valence orbital of the atom X. This potenti- 
al is the one due to the neutral atom A, and 
its expectation value will, of course, be small. 
In terms of Y™~* Eq. (3.6) are rewritten as 


Q= Kat d Hu*® —(CutCiy+Cx+Cu) , 
x 


By = KotDd AF —(Dit9 + Dj,t5+ Deis + Dis), 
x 
(3.8) 
where 
is ie 45| 
His=(4 See ’ 
and the summation ™) extends over all the 


x 
atoms of the molecule. Furthermore, we use 
the Mulliken approximation for the many 
center energy integrals involved in ij: 


Vif = LSA VE+ Vi), 39) 
if the atom X is the one other than the atoms 
to which ¢; and ¢; belong. If we apply the 
above treatment to the other a’s and §’s ap- 
pearing in the expression of J Gjsckl), sites 
easily seen that the potential of the atoms to 
which the orbitals ¢:, ¢;, ¢« and ¢ do not 
belong drops out from the expresssion of 
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Jj, kl). Vf Jlij, kl) is the exchange term 
between adjacent bonds and 4; and ¢x are the J 
different orbitals of the same atom, we can- 
not use the Mulliken approximation in the 
second step. In this case, it may be plausi- 
ble to assume that the value of H* is small 
enough to be neglected because of the ortho- 
gonality between ¢; and dx. If we adopt the 
notations for the atoms and orbitals as shown 
in Fig. 1, we must take into account, for the 
computation of /(z7j, kl), only the atoms A, 
B, and C, and the orbitals belonging to these 
atoms, for that of J(ij, st), only the atoms 
A, B, C and D and the atomic orbitals be- 
longing to these atoms, and so on. 

As the result of the above calculation, we 
have found that the value of the binding 
energy depends considerably on the exchange 
terms between the nearest neighbour bonds, 
but not appreciably on those between the 
second neighbour bonds. We note here that 
hitherto we followed the definition (5.6) in I 
for /(zj). If, however, we assume that the 
valence orbitals fulfil Eq. (5.8) in I and adopt 
the definition (5.9) in I for J(ij), we obtain 
the value of the exchange terms between ad- 
jacent bonds to be —0.124eV. This value is 
very small compared with the one listed in 
Table IV. This apparent discrepancy comes 
mainly from the difference of the subtraction 
of the exchange integrals from /(ij, kl) in the 
above two treatments. In the latter treat- 
ment, we obtain —4.38eV as the value of 
D(AB), by neglecting the contribution of the 
second or more remote neighbour bonds, as 
it may be much smaller than that of /(z/, ki). 
This value of D(AB) is somewhat different 
from that in (3.3), but this discrepancy seems 
not be so serious as that of J(ij, kl). Although 
it must be kept in mind that the atomic wave 
function used here is not a good approxima- 
tion for the eigenfunction of the Hartree- 
Fock type equation (5.8) in I, particularly at 
the region distent from the atomic nucleus, 
the above fact suggests that the effect of the 
exchange terms can be reduced if the appro- 
priate atomic orbitals are used and the intra- 
atomic exchange integrals are taken into ac- 
count adequately. 

§ 4. Discussion 

In the estimation of the molecular energy 

integrals in the preceding section, we assum- 
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ed that the core potential of an atom can be 
replaced by the nuclear potential with an ef- 
fective nuclear charge, that is, 


vs'=| $i(1) = gQ)dn (4.1) 


The effect of the extension of the ls orbital 
was discussed by Nagahara,® who suggested 
that the contribution from this effect to the 
binding energy is by no means unimportant 
even at the equilibrium nuclear distance. 
There are two reasons which affect the value 
of the binding energy from this effect. The 
one comes from the fact that we must ortho- 
gonalize the valence orbital to 1s orbital of 
the other atoms. The second comes from 
we must consider the exchange terms be- 
tween the two orbitals mentioned above. To 
study the first point, though it is preferable 
that we orthogonalize each valence orbital to 
the core orbitals of all the other atoms, it 
may be sufficient, as discussed in $3 of I, 
that we orthogonalize the valence orbital onlv 
to the core orbitals of the atom bonded with 
the considering valence orbital, because of the 
smallness of the other overlap integrals in 
our case. For the bond A-B between the 
atoms A and B the revised valence orbitals 
are 


Tivdy®) , 
(4.2) 
ge 3ST ple ) 4) 
Wil i] IBY ’ 


where ¢:4 and ¢;8 are the valence orbitals of 
the atoms A and B, respectively, and are re- 
sponsible for the construction of the bond A- 
B, ¢u4 and ¢,” are the ls orbitals of the 
atoms A and B, respectively, and Ti is the 
overlap integral between ¢:4 and ¢,2. In the 
molecular integrals involving these modified 
valence orbitals (4.2), can be calculated by 
expanding the integrals as a power series of 
Tiv. We neglected the third and higher order 
terms of this series due to the smallness of 
the value of Tiv. Following the above treat- 
ment, it is found that the effect of the over- 
lap reduces the binding energy by about 0.67 
eV per a bond. To study the second point, 
we calculated —Kiyn—Kjz, where Kw and Kiu 
are the exchange integrals between the 
valence orbital of one atom and the core 
orbital of another in the bond (ij). The 
method of calculation is the same as that in 
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Kotani’s Table.*) The values of the auxiliary 
functions are found by interpolating the ones 
given by this table. The result is found to 
be —0.39eV per a bond. Thus the total ef- 
fect of the extension of the 1s orbitals on 
the binding energy is about 0.28eV per a 
bond. This result seems to be somewhat dif- 
ferent from Nagahara’s result. With the 
value (3.3), the resultant binding energy of 
the C-C bond in the diamond crystal is found 
to be 3.26 eV, while the experimental one is 
3.712eV, although several different experi- 
mental values are reported.’ 

Nagahara also calculated the binding energy 
of the C-C bond in the investigation of the 
electronic state of a C-C radical. The funda- 
mental equation (30) in his articale shows 
that the normalization factor of the total 
wave function is (1+k—ks?)-?, where & is 
the square of the overlap integral between 
bonded orbitals and s? is the sum of the 
square of the overlap integrals between un- 
paired orbitals. It seems to be rather strange 
that the normalization factor does not involve 
the term which depends on s? alone. Schmid’ 
also calculated the binding energy of the dia- 
mond crystal with the use of the orthogonaliz- 
ed atomic orbitals, where the effect of non- 
orthogonality was considered up to the second 
order of all the overlap integrals. Such treat- 
ment seems not to be legitimate as there are 
some large overlap integrals, of which third 
order terms are unable to be neglected. On 
the other hand, in our treatment the overlap 
integrals are classified into two classes by 
utilizing the directional character of the 
valence orbitals. The overlap integral be- 
tween paired orbitals is very large: S ~ 0.7, 
and that between unpaired orbitals is very 
small: T~+0.1. Then, S should be throughly 
taken into account, while T* and higher order 
terms can be neglected. Through this treat- 
ment, Eq. (8.1) was derived in I. From the 
actual calculation in the preceding section, 
we found that we can obtain a good approxi- 
mate value for the binding energy of the o 
bond, if we take the Coulomb and exchange 
terms between bonded orbitals and the ex- 
change terms between the nearest neighbour 
bonds, since the contribution of the exchange 
terms between the second neighbour bonds is 
not appreciable. It, then, seems to be plau- 
sible that we neglect the exchange terms be- 


1960) 


tween the third or more remote neighbour 
bonds. As to the Mulliken approximation 
(5.6) in I we already discussed in §6 of I. 
Furthermore, as seen from the discussion in 
the preceding section, the use of the Mulliken 
approximation served to show that the poten- 
tial of the effectively neutralized atoms can- 
cel out in the expression of J(zj, ki). Then 
in our calculation a significant error may not 
arise from the use of the Mulliken approxi- 
mation for the estimation of the values of the 
many center energy integrals. Furthermore 
we assumed that the orthogonalized 2s atomic 
orbital can be replaced by the non-orthogonal 
one in the calculation of the two electron 
molecular integrals other than some of Cou- 
lomb integrals. This may be serious but the 
order of magnitude of each term discussed in 
the preceding section seems not to vary radi- 
cally by this approximation. 

It will be reported in the next article of 
this series to revise the calculated value of 
the binding energy with the inclusion of the 
jonic terms of the bond. 

The author wishes to express his sincere 
thanks to Professor K. Niira for his inces- 
sant encouragement and also for his kind 


Binding Energy of the « Bond, II. 


1263 


reading of the manuscript, and to Professor 
E. Ishiguro for his valuable suggestions. The 
author is indebted to the Ministry of Educa- 
tion for the research grant. 


References 


1) K. O-ohata: J. Phys. Soc. Japan 15 (1960) 
1048. This paper will be refered to as I. 
2) J. C. Slater: Phys. Rev. 36 (1930) 57. C. 


Zener: Phys. Rev. 36 (1930) 51. 
3) W. Moffitt: Proc. Roy Soc. A, 220 (1950) 
534. 


4) C. W. Ufford: Phys. Rev. 53 (1938) 568. 
5) T. Arai and T. Onishi: J. Chem. Phys. 26 


(1957) 70. 

6) R. S. Mulliken: J. Chem. Phys. 2 (1934) 
782. 

7) W. Moffitt: Proc. Roy. Soc. A, 215 (1951) 
245. 


8) M. Kotani, A. Amemiya, E. Ishiguro and T. 
Kimura: Table of Molecular Integrals (Maru- 
zen Co., 1955). M. Kotani, E. Ishiguro, K. 
Hijikata, T. Nakamura and A. Amemiya: J. 
Phys. Soc. Japan 8 (1953) 463. M. Kotani, 
E. Ishiguro and K. Hijikata: J. Phys. Soc. 
Japan 8 (1954) 553. 

9) S. Nagahara: J. Phys. Soc. Japan 14 (1959) 
Sols 


10) L. A. Schmid: Phys. Rev. 92 (1953) 1373. 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 7 JULY, 1960 


Magnetic Properties of the Pd and Pt Group Transition 
Metal Complexes 


By Hiroshi KAMIMURA, 
Department of Physics, Faculty of Science, University of Tokyo 
Shoichiro KOIDE, 
Institute of Physics, College of General Education, University of Tokyo 
Hisao SEKIYAMA, 
Faculty of Engineering, Kanagawa University 
and Satoru SUGANO* 


Department of Physics, Faculty of Science, University of Tokyo 
(Received March 26, 1960) 


The magnetic susceptibilities and the g-values of the Pd and Pt group 
transition metal complexes are calculated by means of the intermediate 
coupling scheme. Crystalline field with cubic symmetry is assumed to 
be strong, so that the effect of dy orbitals is neglected. The effect of 
Coulomb repulsion is considered to be comparable with that of the spin- 
orbit interaction. The results are expressed by functions of parameters 
y=¢a/(3B+C) and kT/¢a, where B and C are Racah’s parameters and 
¢q the coefficient of spin-orbit coupling of a d-electron. Comparison 
with available experimental data is also made. 


§1. Introduction effective Bohr magneton numbers fairly small- 
As the result of growing interest in the €° than the values expected from the theory. 
magnetic properties of the Pd(4d) and Pt(5d) According to the theory all the octahedral 
group transition metal compounds, several complex ions with dé&* configuration should 
experimental works have recently been carried have the temperature independent value 3.88 
through concerning the electron spin resonance Of the effective Bohr magneton number, which 
and the susceptibility on these salts. It is is fairly large compared with the experimental 
well known that the general aspect of the values mentioned in Table I. For comparison, 
magnetic moments (Some are very near to 
the free ion values but some are much lower Table I. 
than} those) are well. accounted jfor_by the elfen GrouplieeeeihentPlaameneroun 
Van Vleck and the Pauling models. Kotani” ——————— SS 
explained the behaviour of the low magnetic M300°K Nso°x Nesp O(°K) 
moments and their temperature variations Ka[Cr(CN)e] _ 3.748! K.ReFy ae aS ot 
quantitatively by taking the spin-orbit coupl- [Cr(NHg)e]]s 3.808 | K»ReCl, 3.258 3.708 86 
ing of the d-electrons into account. He ob- [(Cr(NH,)e]Bra 3.778 K,ReBrg 3.198 3.708 105 


tained good agreements with experiments as [Cr(OC(NH,)2)s]Cls 3.648 KzRele 3.328 3.708 100 
far as the first (3d) transition metal complexes [Cr(OH,).]Cls 3.788 K,OsF, 3.2 B 
2 3 6 Pre ao | 2 6 . 


are concerned. eS 
Quite recently, Figgis et al? have applied 
the Kotani theory to the magnetic suscepti. thse of the iron group complexes, which 
bility of the Pd and Pt group transition metal @8¢¢ very well with the Kotani theory, are 
complexes and found remarkable discrepancies also listed in the table. 
between their experimental values and those In order to clarify the reason of the dis- 
obtained by the Kotani theory. For example, crepancies, let us mention the basic assump- 
the ions with (5d&)* configuration have the tions of the Kotani theory: 
es Sars (i) the effects of the ligand field are much 
* Present address: Bell Telephone Laboratory, greater than those of the Coulomb repulsion 
Murray Hill, N.J., U.S.A. between the d-electrons; 
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(ii) the Coulomb repulsion is much stronger 
than the spin-orbit coupling; 

(iii) the ligand field is of perfectly cubic 
symmetry; and 

(iv) the magnetic interaction between ions is 
negligible. 

Recent experiments on the electron spin 
resonance yield the evidence that the charge 
clouds of the 4d- and 5d-electrons spread much 
more widely than the 3d-electrons. The as- 
sumption (iv) is, therefore, not correct in the 
former case. 

The spin-orbit coupling is also very strong 
for the 4d- and 5d-electrons, and has the 
strength comparable to the Coulomb repulsion. 
Therefore, the assumption (ii) is also invalid 
for these electrons. Thus we may conclude 
that the discrepancies arise from the assump- 
tions (ii) and (iv) which are not satisfied by 
the 4d- and 5d-electrons. 

In fact, Figgis et al have measured the 
susceptibilities of the salts mentioned in Table 
I over the temperature region 80° to 300°K 
and found that the observed values of the 
susceptibilities obey the Curie-Weiss law y= 
C/(T+2). Thus they attribute a part of the 
enormous lowering of the magnetic moments 
to the anti-ferromagnetic interaction between 
ions. If one considers, after Figgis et al, that 
the effects of such interaction are all involved 
in the Weiss constant #, then the effective 
Bohr magneton number will be given by the 
expression 1,,,=2.84,/7(T+8) . The values 
of n;,, obtained in this manner are listed in 
Table I. These may be regarded as the 
magnitudes of the magnetic moments of the 
individual ions, and the deviation of their 
values from those predicted by the Kotani 
theory may be due to the break-down of the 
assumption (ii). From this standpoint we will 
pay attention only to the values of m,,, and 
examine the interplay between the Coulomb 
interaction and the spin-orbit coupling. 

In the present work, therefore, we shall 
calculate the energy eigenvalues and the 
magnetic susceptibilities for each of the elec- 
tron configurations dé” (7=1, 2, +--+, 5) assum- 
ing only (i) and (iii). 

Since the effect of the spin-orbit interaction 
is comparable to that of the Coulomb repul- 
sion for the 4d and 5d transition group com- 
plexes, the intermediate coupling scheme has 
to be adopted for our purpose. For the con- 
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figuration dé', however, there is no Coulomb 
repulsion. Hence we need not consider the 
effect of the Coulomb interaction in this case. 
Since d&* is regarded as the configuration in 
which there remains one hole in the closed 
shell d&*, the level scheme is the same as 
that of the dé! configuration. The Kotani 
theory can, therefore, be applied to dé! and 
d&* even in the case of very strong spin-orbit 
coupling. The configuration d&t can also be 
treated in the same scheme as dé? except for 
changing the sign of the spin-orbit coupling 
parameter. After all, we have only to calcu- 
late the energy eigenvalues for the configu- 
rations d&* and d&?. 


§2. Energy Levels 


The Hamiltonian of a transition metal ion 
in an external magnetic field is given by 
es e 
BE PFGE Vicwbiosts SS ae 
t>j Vij 


toad Ui-s: + BH - »y (+28) (1) 


where stands for the sum of the kinetic- 
and the potential energy of d-electrons moving 
in the field due to the atomic core of the ion. 
The third term denotes the Coulomb repulsion 
between the d-electrons, and the fourth term 
is their spin-orbit interaction. The last term 
expresses the Zeeman energy due to the ex- 
ternal magnetic field. As is emphasized in 
§1, the purpose of the present paper is to 
show the joint effects of the spin-orbit inter- 
action and of the Coulomb repulsion on the 
magnetic properties of the complex ion. 
Hence, for simplicity, the ligand field ex- 
pressed by the second term of (1) is assumed 
to be completely cubic and the field com- 
ponents with lower symmetry will be neg- 
lected. Besides we assume that all the effects 
of the magnetic interaction between ions are 
included in the Weiss constant 2. 

According to the assumption (1), the ligand 
field is so strong that the splitting between 
d& and dy levels is sufficiently large and we 
shall disregard the effect of the latter orbitals. 
In the following, therefore, the effect of the 
ligand field will be implicitly involved in that 
we merely consider the configurations dé” 
(u=2, 3 and 4). Thus the contribution of 
Hat Veuvic will not appear explicitly in the 
calculation because it only gives a constant 
term common to all the diagonal elements 
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of the energy matrix. 
For the configurations dé? and d&*, the Coulomb repulsion between d-electrons gives rise 


to four levels ®Ti, 1E, ?T2 and *A:. After Tanabe and Sugano”, the eigenfunctions of these 
states will be denoted by the following: 


®T, : |a(Ms)>, |8Ms)>, |r(Ws)> W=1,0,~=1) . 
od Raa OY ly, 

‘Tee WED In> , Io> 

VAY. leo. 


d&: The matrix elements of the spin-orbit interaction with respect to the eigenfunctions 
mentioned above are given in Appendix I. We shall first omit the Zeeman energy term and 
diagonalize the Coulomb repulsion plus the spin-orbit interaction. The eigenvalues and the 
eigenfunctions thus obtained are the following: 


Wi=Ca/2 (Triply degenerate) 


duo=[la)>+ la(—1)>}+ 18) =18(—1))] 


drar=s Lila)? = |O)>}— fe Ir) 


(the upper and lower signs correspond to W: 


W: oa 
and Ws; respectively) 


i 
W, ae 9 V Ca- OY + BC? 


de 
1 f= senor (V 2 Gale +@Q-W..s1009) 


W, le it ; 2 
ber aot e a P) +200 (each has five-fold degeneracy specified by 7.) 


W; 2 ee, 
ey (en a 7x Wire +(SH4 Was ero} 


a =2, 1. 0, = ls = 2) . 
Here 
P=28B+C) and Q=58B+C), 


B and C being the Racah parameters, and 
=e (t|a@(1)>—1|a(—1)>+ |8(1)> + 18(—1))>}— TF Ir(0)> 
1(0))= 57g [ela(t)>—la(—1)>}-+ (180) + 1a DH +y/2 iro» 


gi( 2 


oe {t|@(—1)> + |B(—1)>} 


gilt Day 2 |a(0)> =E |8(0)>} + = re Ir(= D> 


lg2(0)>=|20> 
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dé*: All the expressions can be derived from those of dé& by changing the sign of the spin- 
orbit interaction parameter €a, i.e. G2 —€a. The energy levels are shown in Fig. 1. 

d&*: The Coulomb repulsion gives rise to four levels ‘As, 4 Tang? Tin tiis.Case ~acL.ne 
eigenfunctions of these levels will be denoted by the following: 


ees ee ee lew 
) CONES Nd avs la 
) Det laid + 27 >ei MB Dolg |PRairO ed 
selogs Ie, lea, “tyr oes CS) BBL, 


Here the plus and the minus signs correspond to the M. values 1/2 and —1/2 respectively, 
and the double signs to those of 3/2 and —3/2 respectively. 

The non-vanishing matrix elements of the spin-orbit interaction with respect to the above 
functions are given in Appendix II. By reducing the energy matrix without the Zeeman 
term, we can immediately determine eight of the eigenstates as: 


Wh 
Well) ar, alle W(2) 
2(3B+C) 
) 2627, A) 
Wal5) Wala) 
Lena 
W.(5) 4y ) 
Wi(3) BNE Ws(4) 
All) 
(a) (b) (c) (a) (c) 
api’! BBC a2 3840 
eee Coulomb Coviemb interaction 
Coulomb Coulomb _ interaction ; cti j 4 
interaction +spir-orbit « oupling ie ee +spin-orbit coupling 
Fig. 1. A schematic energy-level diagram for Fig. 2. A schematic energy-level diagram for 
(de)+. Figures in parentheses represent de- (de). 


generacy of each energy level. 


Vii—= 9B 7-9C : 


aes |E+>+|n*>—21€*>} 


W2=9B+3C 


os ai |at> = |B*)5 


SS 
ee 


x tle) Eth 


va 4 {|vt> Fi |7*>— 21 |@F 42/875 


In order to determine the remaining twelve states, we have to diagonalize the following 


three-dimensional matrix. The eigenvalues and the eigenfunctions are obtained numerically. 
Each of the three eigenvalues is of four-fold degeneracy. Energy levels are (schematically) 


given in Fig. 2. 
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ee 2 / V 10 
Fy eHlE> tly) £ AIO} gg lu) +B flat) eS 18*)} le*> 
V / 
15B+5C VY Ca/2 Ca 
gy | 9B+3C 0 
0 
$3. Magnetic Susceptibilities and g-values plotted in Fig. 4 and Fig. 5 respectively. As 


Matrix elements of the Zeeman term can 

be easily obtained by means of Tanabe- 
Kamimura’s tables®. Then the calculation 
of magnetic susceptibilities is carried out by 
using the well-known formula based on the 
perturbational treatment of the Zeeman ener- 
gy. As easily seen from Figs. 1 and 2, the 
g-values and the susceptibilities can respec- 
tively ke expressed in terms of functions of 
7=C€a/(3B+C) and of functions of y and 
kT/€2. The limiting case of 7-0 is the one 
given by the Kotani theory. 
d&*: The result of calculation for the effec- 
tive Bohr magneton number Mer=7/3RT y/NB? 
is plotted as a function of 7 and kT/€a in 
Fig. 3. So far there is no experimental data 
for this configuration. The result shown in 
Fig. 3 may be used for the future analysis. 


dé: Our results for the g-value and mesy are 
“eft 
2.0} 
| 
1.0} 
OL 1 4 a) SS Sh oe 
O O28 6 OF OBR SOB. AOnk T/A Ea 


Fig. 3. The effective Bohn magneton number “ere 


Ca kT 


as a function of 7= age 
'=3B +0 and & for (de)?. 


seen in Fig. 4, the g-value decreases with 
increasing 7 and becomes smaller than 2. 
The value of wer also decreases with increas- 
ing 7 and shows a slight temperature de- 
pendence. 

d&*: The ground level is a singlet in this 


g-value 


100 ee 


1,00r 


(e) 


Fig. 4. The g-value as a function of 7 for (d=2)3. 
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Fig. 5. mere for (de). 
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case. Hence g=0. The behaviour of Nese aS 
a function of 7 and kT/€z is illustrated graphi- 
‘cally in Fig. 6. 
$4. Comparison with Experiments and Dis- 
cussions 

In comparing the calculated Bohr magneton 
numbers with experiments, we have to sepa- 
rate the contribution of the interaction be- 
tween ions from the observed susceptibilities 
~which obey the Curie-Weiss law y=C/(T+¥). 


Nett 
40 


sae Ee 
Oo tos, (Oe. | LO RIGs 


Fig. 6. mere for (de). 


If the constants C and # are determined so 
as to get the best fit with experimental 
values, we may consider the effect of the 
interaction to be involved in the Weiss con- 
stant #. Then the effective Bohr magneton 
‘number given by the expression 1/,,=2.84YC_ 
js regarded as the magnetic moment of a 


‘single ion. pres 
d&: It is seen in Table I that the effective 
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Bohr magneton numbers of K:ReXs, thus ob- 
tained (X being halogen atom) have the com- 
mon value for Cl, Br and I of X. According 
to our assumption, the effect of the ligands 
is involved in the cubic field and so is taken 
care of in considering only the configulation 
dé”. 

Consequently, there is no room in our treat- 
ment for the ligands to exhibit their differ- 
ences. The above-mentioned experimental 
result seems to justify our basic assumptions 
in the case of K:zReXs. We cannot, however, 
determine the values of the parameters 7 and 
€a by comparing our theory with the experi- 
ments of susceptibilities, because the tem- 
perature dependence of m;,, has not been 
reported yet. However, experimental data of 
the electron spin resonance are available for 
K2ReCle® and gives a provisional value of 
g=1.8, from which we can determine the 
value of 7 as 1.3. Using this value and the 
value 3.70 of 7,,, at room temperature, we 
obtain €2a=2600 cm and 3B+C=2000 cm7!. 

Using the intermediate coupling scheme, 
Jérgensen®) estimated the values of these 
parameters from the splitting of the optical 
absorption peak due to the spin-orbit inter- 
action. His results, €2=2250cm7 and 3B+C 
=2800 cm7!, have the same order of magni- 
tude as those obtained above. 

If we adopt the same procedure as the 
Kotani theory and take account of the effect 
of the spin-orbit coupling on the ground state 
*A by perturbation method, then we get the 
expression for 7;,, as 

ee 


30Dq 
where 10Dgq stands for the energy difference 
between d& and dy orbits. If we use the 
value of 10Dqg=27000cm-', which is deter- 
mined from the optical absorption data, and 
adjust the value of €a so as to get a good fit 
of n;,, to experiment, then we obtain Ca=1350 


Nesf=Nspin sn 1 


Table II. 
; %, (m=), 3B+C (cm!) 
a at Present rere cion ume J¢rgensen Kotani Present calculation Jérgensen 
bi ett 3500 ts 
K2RuClg 1400 = 1610 
K,OsCl 3600 3600 6700 2770 2100 
2USU16 : 
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cm. As is seen in Fig. 5, temperature 
variation of m/,, is expected to some extent 


from our calculation. 

dé+: Temperature variation of the magnetic 
susceptibilities has been observed for K2RuCle 
and K2OsCl«.” In Table II the values of the 
parameters determined so as to get the best 
fit of the calculated temperature variation 
with the experiments are set out in the second 
and fifth column. In Fig. 7 it may be seen 
that the magnitude and temperature depend- 
ence of the magnetic susceptibilities of these 
complex ions are fairly well reproduced by 
our theoretical results with parameters shown 
in Table II. The values determined by 
Jérgensen from the optical absorption data 
are also listed. The figures in the fourth 
column show the values of €2 which we ob- 
tain by fitting the limiting value of the sus- 
ceptibility at 0°K to the one calculated by 
means of the Kotani theory; y=24N6?/€a, 
where WN is Avogadro’s number and f is the 
Bohr magneton. 


ai ---- experimental curve 
— theoretical curve given 
3.0'5 by our theory 
KRu Cle_- 
2.0 
Nasser Ts Das. ua0 
— 
|,Or ae 
O ° 
O 80 100 200 300 T (°K) 
Fig. 7. Variation with temperature of Mere for 


K,RuCl, and K;OsCl, a 


As seen in this table, our results agree 
quite well with those obtained by Jérgensen 
from the optical absorption data. The values 
of €a obtained by the Kotani theory are larger 
than ours. In particular the value for K2:OsCl. 
is twice as large as those given by Jérgensen 
and by the present calculation. As is pointed 
out by Figgis et al, the jj-coupling scheme 
yields the expression of the magnetic suscepti- 
bility at 0°K as y=8NB6?/Ca. Hence, if we 
determine €a by comparing the observed x at 
0°K with the expression derived by means 
of the intermediate coupling scheme, its value 
is one-third of that by the Kotani theory. 
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According to the results by Figgis et al, the | 
values of €a obtained in this way are 2500 cm™ 
for Os‘t and 2900cm-~! for Ir'+. The Kotani 
theory gives 8700cm~'! for the latter. Recent 
numerical calculation on the value of €a for 
the Ir‘ ion. by one of the present authors® 
gives €a(Ir‘+)=2400 cm-'. Cooke et al® also | 
determined €222000cm~! from the tempera- © 
ture dependence of the susceptibility of the 
complexes ion [IrCle]?-. 

It is seen from these values that the Kotani 
theory is not applied to the 4d- and 5d group 
ions and that the spin-orbit interaction is as 
important as the Coulomb repulsion between 
the d-electrons in these ions. 

As seen in the above, the comparison of 
our results with experiments gives reasonable 
values of the parameters and our assumptions. 
seem to be justified as far as the available 
experimental data are concerned. The ob- 
served data are, however, still too few to 
confirm the validity of our basic assumptions. 
in more general cases. Improvement might 
be required with respect to the following 
points: 

(1) We have assumed perfectly cubic ligand 
field. The field with lower symmetry should 
be taken into consideration for more detailed 
analysis. 

(2) There are some evidences showing the 
importance of the covalency effect in the 
cases of 4d- and 5d-electrons. It would there- 
fore be necessary to introduce another para- 
meter which represents the amount of. this. 
effect. 

(3) We have neglected the effect of the dy 
orbitals. This is also one of the assumptions. 
to be examined in the future investigations. 

We expect, however, that the present work 
would give an important clue in more detailed 
analyses of the future experiments. 

The authors wish to express their sincere 
thanks to Professor Masao Kotani for his. 
much instructive advice and continual en- 
couragement during the course of this work. 
They would like also to thank Miss H. Takeda 
and Miss S. Kosugi for their assistance in the. 
numerical work. 


References 


1) M. Kotani: J. Phys. Soc. Japan 4 (1949) 293. . 
2) B. N. Figgis, J. Lewis, R. S. Nyholm and Re 
D. Peacock: Disc. Farad. Soc. 


B. N. Figgis: International Series of Mono-~ 


Magnetic Properties of the Pd and Pt Group Transition Metal Complexes 12714 


1960) 


‘dnois yeipeye}o0 oy} JO uONeiesordas aqronpesit sy} Joy sjoquids oy} oie st pue .7 pue ‘sioquinu 
ummjuenb ulds die SAV pue $ stoym *,(9p) UoeINsyUoOD 9yy Joy sweyos <L 5yS| Ul uooesoqUL yiqio-ulds 9y} Jo s}JUsWIeTa XIQeUI sy 


ans “ = : : os | 
RL Gred Xe Me | ; 
a < mS | | 
SMG =| BAY Az | | ae i oe ah = fo | | 
i | eriee ee | 
LK B/E_| 9/2 Z | =|} |-_++ ae ee ; 
ts 7 ge oa | | ele ae Hi I 
aC Je GE CSS | ; 
toe ay) P) Ae | | 
& | pe = a 
pS EGVAZ 
ee PSL | g 
Z F BE : . 7 
gal rae 2 MI 0 I 
GY COAG | @ AG Z Az J 
ie ele | Pye sy 
GAG COR OZ z/% | | | ' | 
PS D5 “PS oi | 
£% SAG) eG. BAg : 
") noe rt oS) 1 
oe See ve 
Ae. > ar (0) 0 
») 4 ) ( n A F g 20) A J 0 2 by j 
orf aA Vy | ty 
| 
i Y a 0 il 0 NN 
~~ | ; . 
i : ‘ T I 0 is 


‘I Xi puoddy 


1272 


graphs on Inorganic 
Press, 1958) 476. 


H. KAMIMURA, S. KOIDE, H. SEKIYAMA and S. SUGANO 


Chemistry (Pergamon 


(Vol. 15, 


Absorption Spectra of Complexes of Heavy 
Metals, No. 1 (1958). 


J. Phys. Soc. Japan 7) A. Earnshaw, B. N. Figgis, J. Lewis and R. S. 
Nyholm: Nature 179 (1957) 1121. 

H. Kamimura: to be published. 

A. H. Cooke, R. Lazenby, F. R. McKim, J. 
Owen and W. P. Wolf: Proc. Roy. Soc. A, 


250 (1959) 97. 


Y. Tanabe and S. Sugano: 

9 (1954) 753. 

4) Y. Tanabe and H. Kamimura: J. Phys. Soc. 8) 
Japan 13 (1958) 394. 9) 

5) K.D. Bowers and J. Owen: Rep. Progr. Phys. 

18 (1955) 304. 

C. K. Jérgensen: 


Final Technical Report on 


Appendix II. 


tf duet 
! — | | = 
| | 2 2 2 
1 ra ees fy : 
| My’ es | gees 
i See eee | 4 
| J als | F, F, 
earth ia : Halt Z i “0 
Ss lees r a g 2 ¢ g 2 ¢ 
| 
ey abe: | Z : a id 
ree ae | liar, | SVae 
e - Ag e "Pita ave 
= i ; | = re. Pe ee Ch TS, 
Era Bare © pila ila 
1 > Waa ee re 
= As e Ge ua [eS Sica 
3 ee ae he vos) — Diet pierce © ete 9 et 
I. La aah ies mare 
igh a |g | a1) pibtwrkac yee ee led 
faa Bed “Bia “Se 
ae 3 Kae 2 ea shat eet 
4 1 
v —o$a “$a 
ae BREF es i, ne as V3 
2 2 | U 6 ia | —% $a 3 tha 
a | 1 ca : 
as a — aba oe 6a | 
i al ae ae i es ae a + 
2 | > F, a | em ~ Fa 
a. | -> hel ee 
; B — ofa | = ait 
| - oe 1 4 
Lng r | aate | eta 
gel at . ; , er BAGS; a 
| —_— soos, | 
: 2 2 % 1 | a | 9 $a “9 ba 
| bestia an eT ae 
oie = F | aha | “9 $a 
1 i # bun mu | 
; : | “ If 9 $a | $a | 


The matrix elements of the spin-orbit interaction for the configuration (d&)3. 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 7, JULY, 1960 


Microwave Spectrum of Ethyl Iodide, II. 


By Takahiro KAsuya 
Departmeut of Physics, Faculty of Science, 

University of Tokyo, Tokyo 

(Reveived, March 26, 1960) 


The potential barrier which hinders the internal rotation in ethyl 
iodide molecule was studied. If the potential energy is assumed to be 


: igh 
of the sinusoidal form = (1—cos 3x), the barrier height is determined 


as H=3.22+0.5 kcal/mole from the Qo-type transition in the first excited 
torsional state. The torsional frequency is about 230cm-}, The effect 


of internal rotation on the quadrupole hyperfine structure of K=1 levels 
was analyzed. 


§1. Introduction tion about the C-C bond, and to determine 
In the previous paper*, the microwave the precise magnitude of the hindering bar- 

spectrum of ethyl iodide molecule in the Tier height. 

ground vibrational state was studied by the 

rigid rotor treatment. The analysis of the $2- Experimental Results 

quadrupole hyperfine structure of the spectrum Since the barriers to the internal rotation 

due to the quadrupole moment of iodine nu- in ethyl halide molecules are very high, the 

cleus was described there. The object of the microwave spectrum of the transitions for the 

present paper is to discuss the hindered rota- ground vibrational state is essentially the 


Table I. Frequeucies of Q?-type Transitions. 


es (in Mc/sec) s ee (>) barrier heen 
transition eee eid ie ~~ " 4y (corrected) (in kcal/mole) 
615 606 
17/2<17/2 28291 . 66 28188.82 (E) 1.88 1.81 3.20 
28186.94 (A) ‘ 
15/2<-15/2 28339 .12 28237 .20 (E) 1.78 Lez Ba25 
28235.42 (A) 
13/2<—13/2 28347 .34 28246.1 (?) a * 
11/2—11/2 28324.08 28221 .33 (E) 1.89 L779 Be vAll 
28219.44 (A) “ 
G/2— 9/2 28275.88 28173.18 (E) 42 1.63 3.25 
28171.66 (A) 
7/2— 7/2 28264 .34 28154.7 (?)a 
Siu— 5o5 
15/2<15/2 27597 .48 b ‘ 5 
13/2—13/2 27639 .18 27502. (E) Ls , 
PHAR. Ge) ae 
11/2—11/2 27664.54 27529 .56 (E) 1.46 1.63 23 
; 27528. 10 (A) 
9/2— 9/2 27593.5 b 
7/2<— 7/2 27596. b x : 
ae 5/2 27562 .46 27432.46 (E) 1.76 1.75 3.20 


27430. 70 AG) 


5 Mceee 
a: De cinaey bE measurement is +0. 
b: Several lines measured at about 27458 Mc/sec could not be assigned. 


A: Nondegenerate torsional sublevel, E: Degenerate Ee sublevel. 


4) hereafter referred to as (J) in this paper. 
WARS) 
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same as normal rigid rotor pattern. It is 
well known that even in the molecules with 
very high barrier the effect of internal rota- 
tion can be expected to exert a detectable 
influence on the energy levels in the excited 
torsional state. For example, R%-type transi- 
tions involving nearly degenerate K=2 levels 
in the first excited torsional state were 
adopted for the determination of barriers in 
C.H;Br, C:HsCl and C,H;CN®®, 


Takahiro KASUYA 


(Vol. 15, 


In the case of ethyl iodide, however, the | 
analysis of the torsional satellite lines had to | 
be given up, because the spectral lines of | 
transitions involving levels with K=2 overlap- | 
ped with each other, and the spectral pattern 
was found to be quite complicated by the 
quadrupole hyperfine structure due to the. 
large coupling constant along the C-I bond. | 
On the other hand, if the torsional satellites | 
of Q’-type transitions are observed the larger | 


Table II. Frequencies of R¢-type transitions. 
Sap observed second order calculated 4 center 
transition frequencies quadrupole effect frequencies a (corrected) frequencies 
Sian 17054.25 
11/2<— 9/2 17096 .08 0.69 17096. 84 —0.24 —0.61 
9/7<— 7/2 17034 .84 —0.47 17035 .30 0.46 0.05 
17033 .75 —0.47 ILS) 0.05 
5/2<— 3/2 16976.8 —3.89 16776.6 —0.2 0.1 
3/2<— 1/2 17007.76 0.56 17013 .52 5.76 0.62 
5/2<— 5/2 17110. 23 0.09 17109.62 —0.61 0.38 
Bye ere 17601.08 
11/2< 9/2 17643. 66 3.91 17643 .38 —0.28 0.10 
9/2— 7/2 17575.24 —1.15 17575.84 0.60 —0.10 
17574.5 —1.15 dyes) —0.1 
7/2<— 5/2 17549.70 SL 17549. 38 —0.36 0.56 
3/2<— 3/2 17662.8 —2.18 17661.9 —0.9 0.0 
1/2— 1/2 17676.2 0.25 17676.1 —0.1 0.1 
Lp BHR 22736. 41 
13/2<11/2 22759.50 0.63 22759. 80 0.30 0.41 
11/2< 9/2 22740.73 —1.41 22739 .13 —1.60 —0.64 
9/2<— 7/2 22709.40 —0.72 22709 .32 —0.08 0. 33 
7/2<— 5/2 22690 .03 —0.30 22690 .60 0.57 —0.18 
3/2< 1/2 22734.40 —0.07 22735.18 0.78 0.41 
Ay3<—3y9 23439 .50 
13/2<11/2 23467 .01 Byeali 23466 .00 —1.01 0.90 
11/2< 9/2 23438.13 —1.40 23439 .33 1.20 0.53 
9/2<— 7/2 23414.58 0.16 23415 .63 1.05 —0.69 
5/2<— 3/2 23474. 88 —1.00 23473 .80 —1.08 0.21 
D544 28417 .68 
15/2—13/2 28433 .50 0.55 28433 .23 —0.27 OFM 
13/2<11/2 28425. 40 —0.05 28426 .19 0.79 0.30 
11/2< 9/2 28405. 78 0.19 28405 .00 —0.78 —0.47 
9/2<— 7/2 28390 .42 —1.14 28391 .58 1G —0.83 
7/2— 5/2 28389 .12 0.35 28388 .07 —1.05 0.28 
5/2<— 3/2 28413.20 —0.10 28414 .20 —1.00 —0.55 
Su—Aia 29331 .45 
15/2<13/2 2935 (6 4,55 29357 .46 0.03 —0.17 
13/2<—11/2 29337 .28 0.09 29338. 41 als —0.91 
11/2— 9/2 29324 .64 0.50 29322 .89 —1.76 0.59 
9/2— 7/2 29319.70 25 29319 .08 —0.66 —0.38 
7/2<— 5/2 29320. 60 2.70 29320.10 —0.50 0.19 
5/2<— 3/2 29332526 —0.05 29332 .53 0.27 0.37 


Here, 4 indicates the discrepancies between the observed and the calculated frequencies carried 
out without the consideration of the effects of internal rotation. 
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effect of internal rotation can be found than 
in the case of R*-type transitions. A rough 
estimation® shows that each hyperfine com- 
ponent of Q°-type transition split into doublet 
of about 1 Mc/sec. 

The spectrometer and the sample used 
were the same as were reported in (I). The 
observed frequencies are listed in Table I. 
The intensity of these Q°-type lines are weak 
as the electric dipole moment is nearly along 
the a-axis. 

Some additional observed frequencies of R@- 
type transitions involving K=1 levels, omitted 
in (I), are listed in Table I. 


§3. Discussions 


The magnitude of splittings 4y listed in 
Table I averages 1.74 Mc/sec for J=6 transi- 
tions and 1.61 Mc/sec for J=5 transitions. 
These values give the barrier height of about 
3.25 kcal/mole. The theoretical treatment. 
used in the interpretation of the observed 
splitting was that of Hecht and Dennison®?. 


Table III. Molecular constants used in calculation. 
A 180.91 amu. A? (C,/C)* 0.141 
B. 9123 + = (C/O 177 ead. 


2 
ee 8637 7 (C/CiCay* 5 ica 


D TY " 


C, 3.28” B 0.0923 


_ The data was also interpreted by another ap- 
proach according to Herschbach*®?, and the 
same results were obtained. The molecular 
constants necessary in the analysis of internal 
rotation problem were derived from those 
reported in (I) and they are shown in Table 
ait: 
It can be seen in Table I that the magni- 
tude of splitting corresponding to each qua- 


*) According to Kilb, Lin, Wilson*) and Her- 
schbach’s®) notation, the rotational energy deviates 
from that of rigid rotor as 

4AW=04W4 +02 W4B+0(7*) (1) 
where 04W=K?— = (m1) Cub” 
n=2 


A2W = S(T +11 —8x,1/2)/2 - 1/24 Snub". 


For the expected magnitude of barrier height 


(H~3 kcal/mole), 
4A=Fo?4y and 4B=F 847 are about 2.4 and 


0.03 Mc/sec, respectively. 
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drupole hyperfine component varies con- 
siderably with each other. Hence, the 
effects of internal rotation on the quadrupole 
interaction must be taken into account. The 
matrix elements of S of reference (6), which 
transforms the coordinate axis to the princi- 
pal axis system, and performs the Wang’s 
transformation to the rigid rotor part of the 
Hamiltonian referred to the principal axis, 
can be expanded in power series of geo- 
metrical parameter 6. The expansion ac- 
curate to the order of §? is: 
<K|K>=<K|—-K>=<-—K\K> 


=—<-KI-K> =[1- (P+ J-Ry/Ayv2 
(for K>1) 
sn 6 Ga Ah i 6G) fee 
=F<CFK|+(K4+1)>=4<4(K4+)DIFK> 
=—B/ J—K)J+K+)/2y 2 (for K>1) 
<Ol41>=F8Y JJ+1)/2, <—1|0>=0, 
<—1/0>=8V JG+)/2, 
<0/0> =1-P-JJ+1)/4, 
<1+1> =[1-2J-)DJ+2)/8/V 2 
<-1+1>=+[1-P'BP+3J—2y/8]V 2. 
The wave function in the rigit rotor limit 
can be written by symmetric rotor basis Sx* 
as, 


Ox*=[1—9(P+J—K)/4|Sx* 
+BgsxnS*xziFPgekS* Kit (2) 


and 
O*,=[1—6*( P+ J—2)/8)S*1 Bai S 
O-,=[1—-#-(8f2+3J—2)/8]S-1+ BiS*2+ Beo¥ 0 
0,=(1-82JJ+1)/41%.—B 20S, 
gc=V (J-K)J+K+)/2, 
Sx*=(Urt¥-x)/¥ 2. 
Then the quadrupole interaction term for 
symmetric top limit is given as**”, 
Gy Oe JUHA H28'B 
‘2 —— eee 1) (4K?+3) 


+ ATi 18+ = | 


where 


(K>1) 


**) For C.H;I, 6~0.1 and bp~—0.003, the correc- 

tion to quadrupole interaction coming from the 
molecular asymmetry is negligible as far as the 
effects of internal rotation is considered. 
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and 
of 0 Aye OUT+DG 
G+) erase ee eer eT 


—3J-1I) G+DE B+ 
= Dy 7 ) B+ | 


i Be even /+K-+y7), 
eq’ Q) 3 +fG) 
oss SSS JU+1 B+£'8)+ 


(3- LED, 7!) | 


Here, quantities g, €, and 7 referring to the 
‘internal axis’? coordinate system are denoted 
by prime. They are written in terms of the 
diagonalized form of tensor q@ (dz, Gy gz) given 
in (I): 

q =RqR", R=R.A(0x)R:(a). 
‘haters, 

q =cosagqz+sin’ady 

Gs Og 
cos?aqy—sin?ag:) 1—8)/q’. 


(J! 1) +2) 
4 


(3) 


(K=0) 


&’=sina cosa(qdy 


da 


(4) 


R.(a) is the rotation of angle a=<CCI+ 
tan1D/B in the yz plane, R.(px) the subsequ- 
ent rotation about z axis (o being (C2/C)* in 
Table III, and x the internal rotation angle), 
do and 0 the barrier dependent small 
quantities® 

When the K-type splitting of the K level 
dx competes with the off diagonal element of 
Hamiltonian (S"1HS)x,-«=6xc which comes 
from internal rotation, Wang’s symmetric 
limit wave function S*;,x must be replaced 
by the mixed form mS’+nS” (m?+n?-1). 
Hence, 7’ is multiplied by a factor €=m?— 
nm’. This effect is not negligible in the 
particular term Jy’/2(2J+3) in Eq. (3) which 
comes from the K=1~—1 interaction of the 
quadrupole energy and is of zeroth order of 
magnitude in 8. For A state of internal 
rotation |€|=1, while for E state |&| takes 
the value less than unity sensitivively depen- 
dent on the barrier height. An approximate 
form of € is 


*) For the first excited torsional state, 9) and 
d@) can be expanded in power series of y= (C,/C)* H’, 


; Ti 
H’= HJ-> (C/C,C2)* as 00) =27-1.11e4.-, 
h) 


=0.5%—0.0772-+ ++. (5) 
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Though the hindering barrier is very high 
in C.H:I, the molecular asymmetry is suffici- 
ently small (6»2—0.003) and the quadrupole 
coupling constant along the C-I bond is enor- 
mously large (eqQ~—1770 Mc/sec), so that 
the above competition must be considered for 
each hyperfine component. First, contribution. 
of the above mentioned effect to the splitting 
of spectrum was evaluated for each hyperfine — 
component using a crude value of barrier 
height (H~3.25 kcal/mole), and was subtra- 
cted from the observed splitting. The remain- 
ing splitting was then attributed to the cou- 
pling between the overall and internal rota- 
tion, which permits the determination of 
barrier height in an improved accuracy. This 
procedure was successively repeated until the 
average barrier height converges to a cons- 
tant value. 


The splitting 4» (corrected) in Table I are 
those ultimately obtained by this analysis 
purely corresponding to the coupling between 
overall and internal rotation. From this, the | 
barrier height in C.H;] was determined as 


H=3220+100 cal/mole=1130+30 cm". 
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This implies the torsional frequency of methy! 
group of about 230cm™. 

The spectrum of R*-type transitions involv- 
ing levels with K=1 which was omitted im 
the report on C:H;Cl” and C:H;Br? were. 
also analyzed for C.H;I by taking into account 
of the internal rotation (Table II). Since in 
R*-type transition this effect is too small to 
be observed except for a few cases with the 
resolution available in a conventional micro- 
wave spectrometer, the average frequencies 
calculated for two species of torsional suble- 
vels were compared with the observations. 
Then the calculated spectrum showed better 
agreement with the observed spectrum (Table 
II). The splitting into doublet observed in a 


**) As is well known, 4) is the very sensitive 
function of barrier height, the functional dependence 
of which is given for the first excited torsional 
state in good approximation _as, 


40’, =23.93H""*5 exp —1.307./H’ , 


2, 
(40% = 44) B(C/CC,)". 2) 
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few cases (marked * in Table II) could be 
interpreted fairly well by the consideration 
of the effect given in Eq. (6). 

Though Eq. (7) is expected to be accurate 
to within + 2% in the range of 100<H’< 
250, the assumption of structural parameters 
of methyl group introduces another error of 
about 5% in the determination of barrier 
height. In conclusion, it can be said that the 
magnitude of the barrier height to the internal 
rotation in ethyl iodide is nearly the same as 
those of the other ethyl halide molecules, 
3306 cal/mole for C,H;F, 2560cal/mole for 
C;H;Cl?) and 3567 cal/mole in C:H. Br”. 


The author is indebted to Professor Koichi 
Shimoda for his kind guidance and encourage- 
ment throughout the course of this investiga- 
tion. He is also grateful to Mr. Takeshi Oka 
for his helpful discussions. 
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It is concluded through proton magnetic resonance that the posi- 
tions of protons in boric acid crystals lie considerably away from 
the lines connecting two hydrogen bonded oxygens, in contrast to 
the case in potassium bicarbonate crystals, where protons are ap- 


proximately on the oxygen-oxygen lines. 


The result is discussed 


in connection with the difference in strength of the hydrogen bond 


both cases. 


§1. Introduction 

The determination of the positions of pro- 
tons in hydrogen bonds are now being widely 
discussed in various cases“-”, because of their 
basic significance in the study of the pro- 
perties of hydrogen bonds. We have attempt- 
ed to attack this problem through the proton 
magnetic resonance of hydrogen bonded 
dimers in certain crystals. In a hydrogen 
bonded dimer, protons approximately form, 
a two proton system and can favorably be 


treated by this technique, as far as the effect 
of neighboring dimers is successfully taken 
into consideration. We have selected two 
kinds of crystal, namely potassium bicarbonate 
and boric acid crystals. In the former, the 
hydrogen bond is relatively short (2.61 A)@® 
among O-H....O bonds and consequently 
rather strong, whereas in the latter it is 
relatively long (2.72 A)(!-!™ and weak. We 
shall discuss the results of the experiment in 
connection with these features. The funda- 
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mental difficulties in experimental technique 
lies in the fact that these crystals have in 
general longer Ti, hence is required the ex- 
tremely high sensitivity of the spectrometer, 
which has been successfully attained through- 
out the present investigation. 


§2. Resonance Technique 


In order to determine the shape of the 
resonance absorption line in these crystals 
accurately, the r.f. power level Hi within the 
sample coil, should be reduced as low as 
about 50 microgauss, because of their longer 
T: of the order of 10 minutes, otherwise the 
observed derivative of the absorption curve 
would become asymmetric. The convention- 
al Pound-Watkins, detector, which cannot 
maintain sufficiently a low value of HA; is, 
therefore, undesirable in our case, and 
the bridge type detecter is much more pre- 
ferable. The second problem is to measure 
the absorption successfully under such a low 
r.f. level, especially in the case of broad line, 
and considerable attention should be paid to 
improve the signal to noise ratio. For 
example, in boric acid crystals, the calculated 
signal voltage across the sample coil amounts 
only to 4.4x10-’ volts, at room temperature 
corresponding to the sample volume of roughly 
2cc, the Q value of the sample coil of about 
200, the amplitude of field modulation of 3 
Gauss, and the r.f. level of 50 microgauss. 
The Twin-T bridge“ is used under the mini- 
mum noise figure conditions“®), comined with 
a low noise preamplifier. The overall noise 
figure of the whole detecting system is found 
to be about three, under practical operating 
conditions“®. Moreover, the overall bandwi- 
dth of the detecting system is as narrow as 
0.16cps. The maximum equivalent noise 
voltage amplitude across the sample coil can 
thus be reduced to 2x10-8 volts. The esti- 
mated signal to noise ratio of 4.4 10-7/2 x 10-8 
is nearly equal to the observed one. (Fig. 7) 

The electromagnet built by the Japan 
Electron Optics Company is operated at about 
7060 Gauss (the proton magnetic resonance 
frequency being 30.00Mc). The inhomo- 
geneity of the magnetic field over the sample 
of 2cc in volume, is less than 100 milligauss, 
which gives negligible influence on the results. 
Details of the measuring equipment used is 
given elsewhere@”, 
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§3. Specimens 


The specimens used are either of “‘guar- | 


ranteed grade’’ (boric acid) or of ‘‘chemically 


pure’’ grade (potassium bicarbonate), availa- | 


ble from the Wako Pure Chemical Company. 
In order to gain as high a signal to noise 
ratio as possible, samples are pressed into a 
lozenge under 3ton/cm? pressure. In this 
case, no evidence for the lattice distortion is 
detectable through an X-ray powder photo- 


graph. The single -crystal of potassium bi- | 


carbonate is grown from its aqueous solution 
by lowering its temperature by 10 degrees, at 
a rate of 0.5 degree per day in the initial 


stage, and 1 degree per day in the later | 


stage. The crystal thus obtained is about 
20x20x8cm? in size. Although there are 
several discontinuities, which look like annual 
rings, it nevertheless forms a perfect single 
crystal. The X-ray Laue pattern shows ori- 
entational distributions of 10 degrees around 
the ‘‘b’’ axis, but this is fortunately relatively 
unimportant to our measurements. 


measurements, three single crystals having 
the same crystallographic orientations are 
cemented together and shaped into a suitable 
form. All samples used here are 12mm in 
diameter and about 20mm in height. 


§ 4. Results 


(a) Potassium bicarbonate powder 

The recorded derivative of the saturation 
free proton magnetic resonance curve in potas- 
sium bicarbonate crystal powder at room 
temperature is reproduced in Fig. 1. The 
sharp central peak having a width equal to 
the full amplitude of field modulation which 
disappears at low temperatures may safely 
be attributed to a signal from contaminating 
free-water. Subtracting graphically the contri- 
butions from this contaminating water, we 
obtain the powder line, characteristic to a two 
proton system. The second moment of the 
curve is 3.40.1 Gauss’, which is the average 
of six independent data, + indicating standard 
deviation. Althrough we have made only a 
qualitative experiment at low temperatures, 
the absorption seems to have no temperature 
dependence from -180°C up to the room tem- 
perature. 

According to the crystal structure of potas- 
sium bicarbonate determined through X-ray 


In order | 
to make size and shape convenient to our | 
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‘diffraction studes“®), four carbonate radicals 
form two dimers in the unit cell. These two 
‘dimers are coplaner, and are, roughly speak- 
ing, parallel with each other (Fig. 2). Thus 
far, nothing is known about the positions of 
yrotons. 
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Wig. 1. Derivative of the absorption curve for 

potassium bicarbonate powder 

Sample: Chemically pure grade specimen of 
Wako Pure Chemical Company. Com- 
pressed powder 12mm¢ x20 mm 

7060 Gauss 

Field sweep: 0.51 Gauss/min 

Frequency: 30.0 MC 

R.f. field within sample coil: 

‘Time constant: 12 sec 

“Temperature: 25°C 


Field: 


70 microgauss 


(one) 
ec 


Fig. 2 Crystal structure of potassium bicarbonate 


If we make the plausible assumption that 
configuration of protons also follows the same 
crystallographic symmetry with that of other 
‘kinds of atoms determined by X-ray diffrac- 
tion, the center of the interproton vector of 
a pair of protons in each dimer, should coin- 
cide with that of the dimer. Further, we 
shall make another assumption that protons, 
and consequently the interproton vector, are 
contained in the plane of the dimer. Then, 
the results from the powder experiment on 
the second moment of the absorption curve 
given above, is quite sufficient in determining 
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the length of the vector. Strictly speaking, 
the contribution from inter-dimer interactions, 
which should be subtracted from the total 
second moment in order to obtain the intra- 
dimer contribution, will depend upon the ori- 
entation of the inter-proton vector. Actually, 
however, a simple estimation shows that, the 
resulting ambiguity in inter-proton length 
amounts only to 0.01 Aa which is indicated 
by the solid arcs in Fig. 3. Taking also the 
error involved in the determination of the 
total second moment into account, the length 
is finally determined to be 2.27+0.03 Ax 


(b) Potassium bicarbonate single crystal 
Next, we shall proceed to the single crystal 
measurement, and determine the orientation 
of the interproton vector, whose length is 
already fixed by the preceeding powder experi- 
ment. It is obvious from the crystal structure 
shown in Fig. 2, that there are two indepen- 
dent interproton vectors in a unit cell. The 
resonance line, therefore in general, consists 
of four lines which can not be well separated, 
because of rather weak dipole interactions. It 
is, however, possible to fix the orientation of 
these two inter-proton vectors relative to the 
crystal axis, so as to obtain the best fit 
between calculated and observed line shapes, 


LA 
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Fig. 3. Experimentally determined positions of 
protons in potassium bicarbonate. The powder 
experiment left the arc-shape region as the pos- 
sible positions for protons, and single crystal 
experiment reduced it into the shaded portion. 


assuming the inter-proton length obtained 
above, and taking the crystallographic sym- 
metry into consideration. As is readily seen 
from Fig. 3, both the OH bond length and 
the COH bond angle, will be obtained as soon 
as the orientation of the interproton vector is 
thus fixed 
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The external magnetic field is applied in a 
direction making an angle @ to the ‘‘b”’ axis, 
and in a plane containing the ‘‘b’’ axis, which 
is at the same time perpendicular to the ‘‘a’”’ 
plane described in the literature“. The 
recorded derivative of the saturation free 
resonance absorption curve at ®=25 degrees 
is reproduced in Fig. 4. The origin for the 
angle @ is checked by confirming that the 


Fig. 4. Derivative of the absorption curve of 
potassium bicarbonate single crystal at 
@=25 degrees. See the text for the 
meaning of @. 

Sample: A single crystal 12 mm¢ x 20mm made 
from the aquous solution of chemical- 
ly pure grade specimen of Wako Pure 
Chemical Company 

Field: 7060 Gauss 

Field sweep: 0.51 Gauss/min 

Frequency: 30.0 MC 


R.f. field within sample coil: 
Time constant: 12 sec 
Temperature: about 25 degrees 


70 microgauss 


line shape at 9=—25 degrees coincides with 
that of @=25 degrees within the experimental 
error. The sharp extra central peak is again 
subtracted graphically as shown by the broken 
line. In Fig. 5 is shown by open circles, the 
absorption obtained by numerical integration 
of the observed derivative together with the 
calculated lines, assuming various OH distances 
ranging from 1.0A to 1.3A. Owing to the 
fact that the C’ O11 Om COn C’n1 C’ hexagon 
is somewhat distorted, the angle between the 
interproton vector and the crystallographic 
axes differs a little, according to whether the 
proton is on the side of On or of Om, even 
if we assume the same OH distance; and as 
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a result, the calculated line profile will also | 
be different either for On H or On H con- | 
figurations. In the above calculation, the 
component lines are assumed to have Gaussian _ 
shape, whose second moments are estimated 
from well-known Van Vleck’s formula“, the 
normalization being made so as to obtain the 
best fit between the calculated and observed | 
total intensities. As for the interproton di- i 
stance we assumed the value 2.27 A, obtained 
from the powder measurement, and the pos- : 
sible error of one percent involved in it, will 
result in an error of about three percents in 
the calculated width of the line. The figure 
shows that the OH bond length should ap- 
proximately be 1.2 A, the corresponding COR 
bond angle being 121 degrees when the pro- 
tons lie on the side of On, or 116 degrees 
when on the side of Om. The possibility 
that the protons exist at the center of the 
two oxygens, however, cannot entirely be 
ruled out from this experiment. 

Thus the result of the single crystal mea- 
surement restricts the possible proton posi- 
tions within the range shown by the shaded | 


Gauss 


Fig. 5. Absorption line profile of potassium bi- 
carbonate single crystal at @=25 degrees. The 
curves indicate the calculated and the circles 
indicate the experimental. 
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area in Fig. 3, and more likely the protons 


may be located nearer to the side either of 


of the Om type or of On type oxygens. 

For the purpose of confirmation of the pro- 
ton configuration obtained above, the compari- 
son between the calculated absorption line 


positions of a two proton system and general 


profiles of the experimental curves for various 
® values is made in Fig. 6, the coincidence 
of which seems quite satisfactory, judging 
from the accuracies of both measurements 
and of the method of analysis involved. 


(c) Boric acid powder 
The positions of protons in boric acid cry- 


_ stals have been already inferred, although 


with somewhat less accuracy, from X-ray@D 
as well as electron diffraction studies°”. The 
X-ray analysis find the protons approximately 
on the lines connecting oxygens, whereas the 


‘electron diffraction studies conclude that they 


are in much more inward positions. In view 
of the fact that the X-ray method does not 
reveal the position of the nuclei, but the di- 
stribution of the electrons around them, the 
accuracy of which is especially poor in the 
case of the hydrogen atom, the electron di- 
ffraction experiment seems to be much more 
favorable to the situation, although the latter 
investigation might be handicapped by the 
assumption involved in processing the data in 
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Fig. 6. Line profiles of potassium bicarbonate 
single crystal for various @ values. The curves 
indicate the general behavior of experimental 
results, and the lines indicate the result of cal- 
culation, assuming y=2.27A and OmH=1.2A 
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connection with stacking disorders?”. The 
authors, however, believe the present investi- 
gation will be sufficient to settle this problem. 

The recorded derivative of the saturation 
free proton magnetic resonance curve of the 
boric acid crystal powder is reproduced in 
Fig. 7. A somewhat flattened portion is seen 
at the center. The observed second moment 
of the curve is found to be 10.6-+0.9 Gauss?, 
which is again the average of six independent 
data. The temperature dependence of this 
value is found to be _ insignificant, from 
-180°C up to the room temperature. 


Fig. 7. Derivative of the absorption curve of 
boric acid powder 


Sample: Guaranteed grade specimen from Wako 
Pure Chemical Company. Compressed 
powder 12mm¢x20mm in size 

Field: 7060 Gauss 

Field sweep: 0.95 Gauss/min 

Frequency: 30.0 MC 

R.f. field across sample coil: 50 microgauss 

Time constant: 12 sec 

Temperature: about 30°C 


According to the X-ray structure analysis 
the boric acid crystal is known to have a 
layer structure. The structure of each layer 
is reproduced in Fig. 8, all the boron and 
oxygen atoms being approximately in this 
plane. 

First, we assume the position of the proton 
as determined by X-ray analysis, in which 
the protons lie on the lines connecting two 
oxygens. The resulting second moment 
amounts only to 7.7 Gauss?. And even if a 
somewhat elongated OH distance of 1.02 A on 
the average, which has been inferred from 
the combination of infra-red data“ and 
Badgers rule, is assumed, keeping the OH 
directions as they were, it amounts only to 
8.3 Gauss?. These values are considered to 
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ambiguities due to the stacking disorder in 
the sample used for diffraction studies. The | 
result from the present magnetic resonance | 
studies is shown in Fig. 8 by closed circles, 


be well outside the range of the experimental 
error given above. Therefore, the resonance 
data are not compatible with X-ray results. 

Next, we will assume the inward positions 
of protons as was concluded by electron di- 


ffraction studies. When the protons are 
placed at inward positions, the interaction 
between the two protons increases, and it 
would therefore be favorable in explaining the 
large experimental value. The next problem 
is to find out the BOH angle compatible with 
the magnetic resonance experiment, by chang- 
ing the angle in the layer plane, the OH di- 
stance being again 1.02 ny as was assumed 
above. The parameters of all atoms beside 
hydrogen are already given from X-ray data. 


Fig. 8. Proton 


Crystal structure of boric acid. 
positions determined through the present work 
is indicated by the closed circles, their size cor- 
responding roughly to the experimental error. 


The summation os is carried out nu- 


merically, for all ie values shorter than 5A. 
The number of different interproton distances 
to be considered amounts to as many as 
about 70 for each BOH angle. The similar 
calculation is repeated for several BOH angles. 
The whole process is very long and tedious, 
and is actually carried out with the para- 
metron computer PC-1 of the University of 
Tokyo, applying the programming tape ori- 
ginally prepared for calculating interatomic 
distances 7i; in crystal structure analysis@”. 
The summation corresponding to 7; longer 
than 5.0A is approximated by integration. 
The relation between the BOH angle and 
the second moment, which is obtained by the 
above calculation is shown in Fig. 9. When 
the experimental value of the second moment 
is assumed, the BOH angle is found to be 
96+2 degrees. This could be compared with 
95 degrees, obtained from the electron diffrac- 
tion studies, although there might exist some 


whose size represent roughly the experimental 
error. 
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Fig. 9. Relation between BOH bond angle and 
second moment in boric acid crystal. The solid 
line indicates the experimental valve for the 
second moment 10.6 Gauss’, and the correspond- 
ing bond single 95.6°. The broken lines show 
the allowance due to the experimental error. 


§5. Discussions 


The results of the foregoing experiments: 
may well be summarized schematically in 
Fig. 10. The striking contrast between boric 
acid and potassium bicarbonate crystals exists. 
in the fact that in the former the BOH angle 
is rather small and the OH length is relatively 
short, whereas in the latter the COH angle 
is much larger and the OH length is relati- 
vely long. This fact suggests that the long 
OP: A) and weak O-H-.-O hydrogen bond. 
in boric acid shows only a small deviation. 
from the geometry of the non-hydrogen-bonded 
radical, whereas in the short (2.61 A) and 
strong hydrogen bond in potassium bicarbo- 
nate both the XOH angle and the OH bond 
length are considerably affected by the forma- 
tion of hydrogen bond. In case of potassium 
bicarbonate, we should take into consideration. 
another possibility that the double bond cha- 
racter of the bond between C and O-H 
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might tend to increase the COH bond angle. 
This possibility, however, seems to be largely 
negated by the fact that in the formic acid 
monomer“®), which has approximately the 
same C-O bond length, hence the same order 
of double bond character with potassium bi- 
carbonate, the COH angle amounts to only 
107°48’. The C-O distance is actually 1.31 A 
in the former and 1.33A in the latter. The 
above consideration seems to suggest the fact 
that the COH bond angle in acid dimers 
largely depends upon the interaction between 
hydrogen atoms and lone pair electrons of 
the hydrogen bonded oxygen atoms. 
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Fig. 10. Summary of our result. 
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The general tendency that weak hydro- 
gen bonds affect the geometry of the non- 
hydrogen-bonded radical little, whereas strong 
ones do considerably, can be seen in other 
examples. The dependence of OH bond 
lengths upon interoxygen distances has already 


been thoroughly studied. As for XOH bond 


angles, they are little affected by weak hydro- 
gen bonds in crystals such as a-resorcinol™, 
sodium sesquicarbonate™ and oxalic acid di- 
hydrate“, as were studied through neutron 
diffraction, and also in adipic acid crystal” 
as was found through polarized infra-red 
spectroscopy. Therefore, protons lie consi- 
derably away from the line connecting two 
oxygens. In cases of strong hydrogen bonds, 
however, it is difficult to find the case, where 
protons line considerably away from the 
lines®-“@, Direct confirmation through neu- 
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tron diffraction studies are also desirable in 
boric acid and potassium bicarbonate crystals, 
although the present magnetic resonance 
method is beleived to have adequate accuracy 
for our present discussions. 
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Two new series of 4J=0 transitions in the first excited torsional state 
as well as one series of the S%4 isotopic molecule were found in the 


range up to 37 Gc/sec besides those reported in the previous paper. 


The 


two series in the first excited torsional state are discussed, confirming 
the potential barrier height V3=443.9+1.0cm~-! which were determined 


from 4J=+1, 4K=-+1 lines in the ground torsional state. 


Moreover, 


the hindering potential is considered to be sinusoidal with an accuracy 
of better than one percent from those analyses. 


§1. Introduction 


Methyl alcohol, methyl mercaptan and 
methyl-amine form an interesting class of 
molecules for the study of hindered internal 
rotation. They are characterized by the struc- 
tural similarity and the barrier of inter- 
mediate height. The potential barriers of 
methyl alcohol! and methyl-amine?).’),*) have 
been precisely determined from the analysis 
of the series of lines which correspond to the 
transitions 4/=0, 4K==+1. In a previous 
paper® we have determined the potential 
barrier of methyl mercaptan to be 444+10 
cm! from the analysis of the 4J/=+1, 4K=+1 
lines in the ground torsional state, because 
the series of 4/=0 lines in the ground torsio- 
nal state have their origins in the higher 
frequency region outside the observed range. 
However, three series in the first excited 
torsional state and one series in the second 
excited torsional state have been observed. 
The validity of the assumption that the po- 
tential barrier is expressed in the simple sinu- 
soidal form 4V3:(1—cos 3x) is discussed from 
analysis of the lines in the excited torsional 
states. 


§2. Theory 


According to the theory”.*?) developed to 
interpret the spectra of CH;0H-type molecules, 
the rotational energy can be separated into 
three terms: 


W= Waet+ Weunt WY CAS 
where Wryx is the rotational energy of a hy- 
pothetic rigid rotor, Wxun the energy of inter- 


nal rotation and W" the perturbation energy 
due to asymmetry. The rotational energy 


Wir is 
Woe =F 42 7 41)—K}+CK? (2) 
where 
Liasiint! Re h?l, 
o2* = 8z?(Iy? + D?) 
and 
te h/ Lok my Ty 
87? I,I, — D? ee 


The definitions of the moments of inertia, J, 
Iy, Jz, and the product of inertia, D, were 
given in the previous papers® (also see Fig. 
198 

The internal rotation energy, Wrun, is given 


1960) 


by the eigen-value of the wave equation which 
describes the internal rotation: 
Sesspee 
8r°7\ Ls dx? 


+[ Wxun—3V3(1—cos 3x) |M=0 
(3) 


where 


( I. \"= IyI.—D? 

Tile I(NiTIy—D?*) ° 

The moment of inertia of the methyl group 
about its symmetry axis is 2, and h=L—h. 


Fig. 1. 


Structure of methyl mercaptan. 


The solution of (3) is expressed by 


M(x)=exp fi (4) xx Qe) (4) 


where 


(B)’ =n Tee? 
Ik Lji—D? 


and Q(x) is expanded in a Fourier series 
Qxn)= Sane 
m=-0° 


We have three types of solutions designated 
by 4=0, 1 and —1: 


Quaalx)= > ase?" , | 


Oat  oitie (65°) 
[ames 


ye (y= 3h Gaui ae . 
U 


== — oo 
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The selection rule is 4=0 in this expression. 


The equations, (4) and (5), are expressed in 
a compressed form: 


mmonlif() eso], Sant 


Then the internal rotation energy, Wexun, is 
easily seen to be periodic in (/2//,)*K+ with 
period 3. 

When the barrier is relatively high, Wxun 
can be expressed in the first order approxima- 
tion by®),” 


Wrun=An—Bn COS oe a (6) 


where a» is the n-th torsional vibration energy 
in the high barrier limit. 

The perturbation energy W arises from 
the off-diagonal elements of the Hamiltonian, 
which were given in the previous papers®.”). 

If a small sixfold term is allowed in the 
barrier such that 


Ve 

2 

then the rotational energy is expressed by 
W= Warxe+ WruntW+we , (8) 


where W€%, is the perturbation term which 
arise from the sixfold term in the barrier and 
is given by the following equation: 


va (1—cos 3x)+ (1—cos 6x) = iG?) 


ie. =| Fal) 0 —COS 6%) QO xun(x)dx 


= A (a7 bY Anni?) : 


Since WG, is also periodic in (Ie/Te)*K+ 4 
and can be expressed in the similar form as 
(6), it is impossible to determine the value of 
V. from the lines in only one torsional state. 


(9) 


§3. Experimental Results 


The spectrometer used was the conventional 
Stark modulation type with both visual and 
recorder display. The observed lines within 
the range from 14 to 29 Gc/sec were previously 
reported». The observed lines in the range 
up to 37Gc/sec are listed in Table I. The 
three series of lines, s, t, u, which show 
first-order Stark effects have been found in 
the range. The frequencies of lines of these 
series are plotted against the rotational quan- 
tum number / in Fig. 2, as well as those of 
the series, p, q, r, which were previously re- 
ported. The J values of the lines of the s- 
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Table I. Microwave Spectrum of Methyl 

Mercaptan. 

Frequency | Stark | : ; 

Acie Effect() Intensity | Assignment 

9772.81 | 1(0)| MW s (30) 

30083.34  1(0); MW s (29) 

30366.66 | 1(0) MW s (28) 

30395.6 1 | WWW 

30446 .3 1 | www 

30487.4 | 1 www 

30508.62 | 2(-)| MW 14; 14-132 .11 n=0 

30626.50 | 1(0)| MW s (27) 

30652.31 EGO. AWE eel 

30666 . 43 oy} W 

30741.76 | 2(+)|MW~M/| 12%<1], n=0 

30859.78 | 1(0) MW s (26) 

30874. 84 2(+) | MW r (17) 

30972.32 | 1(i)| MW 

31051 .0 2(—-) | MWs 4 

31068.24 | 1(0) MW s (25) 

31252.87 NEGD) MW s (24) 

31378.7 1 Www 

31414.80 1(0) M s (23) 

31450.2 1 www 

31476.50 | 1 www 

31479.3 1 Www | 

31489.3 1 www 

31496 .2 1 Www | 

31500.8 1 ww 

31522.7 1 Www 

31527 .2 1 Www 

31529 .9 1 www 

31540.4 1 www 

31555.09 | 1(0) M s (22) 

31563.8 1 ww 

31567 .9 1 ww 

31571.8 1 ww 

31575.4 1 ww 

316752024) 81005"? =M s (21) 

3177604 “elico. ye. ioM s (20) 

31859 .54 1(o)| M s (19) 

31880.2 LCP) sale 

31927 .27 1(0) M s (18) 

31980.68 | 1(0) M s (17) 

31989 .58 ee iw a as ©) 

31994.74+ | 1(0) | “Ww oF) 

82002128 2\(t1600rhatsw s ( 3) 

S201: TOerliLOdehs wt Wi, s( 4) 
| 

32021.14 | 1(0)) Ww s (16) 

32022.71 ACO | Wren a so) 

32034 .82 lio) | ow. fs ¢6) 

047 20 NLC eT el eal 7) 

32050. 46 1(o) | MW s (15) 

32059 .35 ivoyt We s ( 8) 

32070.04 | 1(0) | MW s (14) 

32070.15 | 1(0)| MW s ( 9) 

32078.93 | 1(0)| MW s (10) 

32081.32 | 1(0) | MW s (13) 

32084 .51 l(o)) MW s (11) 

32085.74 1(0) MW s (12) 

32278 .04 Tei) 1 

32819 .24 1 Eo i eal ede a ok, 

32820.71 1.0) dotwWupelt ee) 

82807 SiwilichG~o Yoh) INV t (5) 

32844 .33 1(0) MW t ( 6) 

32874 .34 ikon) MW t (7) 

32880 .05 1(0) we | 

32922 31 1(0) MW | t(8) 
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Table I. (continued). 


Frequency Stark 


i t 
(Mc/sec) | Effect | Assignmen 


Intensity | 


32994 .15 1(0) MW tC) 
33077 .91 2(+) MW 10. s—11i.11 n=0 


33095 .66 l(o)| M t (10) 
33096 . 66 2(—) | MW 
33233:51_|, TC @) M t (11) 
33277.30 | 2(+) | WW 

33414.78 | -1(0 1 Simian Maes kG 2) 
33416 .85 2) Ww 

33647 .20 Tio) | Mol fs) 
33658.81 2(+ MW | r(30) 
33738. 45 2 

33838 .93 ia WwW 

33858 .74 hia MW | 

33938 .69 1(o M t (14) 
34013.70 Ci) Wey 
34193.09 | 2(+) M4 Wer G6) 
34237 .2 1(0) ww | 
34298.00 | 1(0) MS t (15) 


34733.89 | 1(0)| MS t (16) 
34942.56 | 1(0) Ww 
35255.73 | 1(0) M t (17) 


35857 .35 Lei) M 4<-3, n=0 
35873 .42 1(0) MS t (18) 
35913.50 1) M 114-10. n=0 


36354.69 | 1(0)| ww | u(10) 


36585 .17 1(o) } ww. | adt 
36597 .09 1COprimMSe | atyG@9) 


36871.10 | 1(0)| Ww | u(i2) 


37220 .42 1(0) Www u (13) 
37437 .33 1(0) M | t (20) 


(a) The Stark effects are designated by 1(o) for 
the first order Stark effect with the strongest outer 
components, 1(i) for the first-order Stark effect 
with the strongest inner components, 2(+) for the 
second-order Stark effect with positive Stark dis- 
placement and 2(—) for the second-order Stark 
effect with negative Stark displacement. 

(b) The number in parenthesis shows the J value 
of the line. 

(c) Many very weak lines from 31476 to 31575 
Mc/sec are expected to be the series lines which 
arise from the isotopic molecule, C12H;S34H. 
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30 
J 
20 
10 
O 
Freauency (Gc/sec) 
Fig. 2. v—J diagram of the series lines. 
Table II. 
Series | Vo a | b CG d | a‘ A | B 
Ss | 31986.96 | 1.319 | —0.00321 —6.1 x10-5 9.1x10- | : [ oo 
t | 32824.40 | 0.809 9.03222 | —5.89x10-5 | 4.6x10-7] 0.646 0.0054 


and t-series are determined from the Stark 
eftects, while the / values of the lines of the 
other series are the estimated values. 

The frequencies of the individual lines in 
the series can be expressed as a power series 
expansion in /?+/ as follows: 

yavota(fr+ J +o P+J? 
+ofP+ J P+d P+ N+ > 
The values of these coefficients for s- and t- 
series were determined from the first five 
members of each series. They are listed in 
Table II. 

The Stark effects of the lines of t-series 
were measured. The Stark displacement is 
expressed by Mé[(A//?+/)+8B], where € is 


the electric field and M the component of / 


along the field. The experimental values of 
A and B in (Mc/sec)/(V/cm) are listed in the 


last two columns of Table II. 


§4. Analysis of the Ground Torsional State 


(Oy AVESs Ak aieies 

Since the origins of the series corresponding 
to the transitions 4J/=0, 4K=+1, n=0<0 for 
methyl mercaptan are expected to lie far 
outside the observed range, the 4/=+1, 
4K=+1 lines have been used in determining 
the potential barrier and the molecular struc- 
ture as before’). 

The first six lines in Table III were identi- 
fied from their Stark effects. The assign- 
ments of these lines were confirmed by the 
combination rule. 

The frequencies of the lines corresponding 
to the transitions (21,2<-30,3, u=0, 7=0), (21<-3o, 
f= lron0) cand. sCass2henrtsSaish 2=0)A ane 
given by the following equations: 
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29091.9=( Wioo— Woo)/h—3ui +E: , 

23339.2=( Wito— Wo10)/h—3ri +8: , 

14764.5=( Wi-1o— Wo-10)/h—211 +s , 
where Wun is the internal rotation energy 
and »,;=25291 Mc/sec is the frequency of the 
J=1—0, K=0<0 line. The _ perturbation 
terms, &:, &, &3, are the contributions from 
the off-diagonal elements of the Hamiltonian, 
and are estimated to be —774.2, 20.2 and 0.4 
Mc/sec, respectively. From these equations, 


Table II. 4J=+1, 4K=#1 lines in the 
n=0 state. 
Assignment 
| Observed | Calculated 
Vrs ye Oe frequency | frequency 
i # | in Mc/sec | in Mc/sec 
-1" +1 —l~ +1 | 
Dae 33 «ee 0 epeOon (29092) 
50.5 <— 41.4 0 23256 .9 23258 
2 <= 3o ia? age! 23339 .2 (23339) 
5 = 4 od 26994 .2 26994 
1, <— 2 i 14764.5 (14765) 
Ag pee es 35857 .4 35858 
92.3 —101,9 0 25659 .7 25602 
102.3 -11i 11 0 | 33077.9 32998 
12; 11<-112,10 0 | 30741.8 30841 
14; 4-132, 11 0 30508 .6 30642 
& <« 9 1 18039.5 18205 
11, <10, if 35913.5 35746 
9 <10; —1 21973 .2 21938 
12, <11, —1 23801.8 23747 
Table IV. Moments of inertia and the 


barrier height. 


e405 
( 7.) =0-6522 


ace = 25291 Mc/sec 
C=102733 Mc/sec 
I,=1.7107 amuA?2 
I,=3.2137 amuA?2 
[,=4.9244 amuA2 
D=—0.35 amuA2 
V3=443.94+1.0cm-! 


the moments of inertia and the barrier height 
were determined by use of the D value ob- 
tained in §5 (c). They are listed in Table 
IV 

From the moments of inertia and the bar- 
rier height determined above, the frequencies 
of other lines in the m=0 state were calcu- 
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lated. They agree with the observed values 
within the error of few hundred megacycles 
as shown in Table III. 

(b) Dipole moment 

The Stark energy for the “=0 transition is 
expressed by the sum of the second order 
perturbation terms which arise from the off- 
diagonal elements and the interaction terms 
between K-type doublet levels as in the case 
of slightly asymmetric rigid molecules, sub- 
ject to modification of the energy values due 
to the internal rotation. 

From the. Stark effect of the 2:,2—3o,s line 
at 29091.9 Mc/sec, the components of the dipole 
moment parallel and perpendicular to the 
molecular axis were determined as 


fy =1.3320.03'D ; 
=O, 7320003) 


The dipole moment of the molecule can be 
estimated from the bond dipole moments. By 
use of the values H+—>S-=0.68D, Ct—>S- 
=1.00D and Ht—C-=0.40D, one obtains 
4,=1.30 D and 41=0.71 D, which agree well 
with the experimental values. 


§5. Analysis of the Excited Torsional States 


Since the frequency of the torsional vibra- 
tion is about 200cm~'!, some of the observed 
weak lines are ascribed to the molecules in 
the excited torsional states. In Table V the 
observed frequencies are compared with those 


Table V. Lines in the excited torsional states. 
(a) 4J/=+1, dK=+1 lines. 


Assignment 

ee ts Observed | Calculated 
Jn<—Jg or da amid frequency 
Fie Tee p|n fe c/sec| in Mc/sec 

3e.2—211 0/1 | 14320.2| 12100 

| 
32,1<21,2 O Shedd), (41533930) 13120 
2, <—1o ae 18417.6 | 17690 
} 


(b) Series lines (4J=0). 


Assignment Frequency of origin 
Caran in Mc/sec 
K'—K| un n | Observed] Calculated 
r 1<2 1 (60800) 63020 
Set 1 31987 | 32730 
t 3<2 —l i 32824 28980 
p 5<6 —1 2 18300 21780 


1960) 


calculated by using the molecular contants 
which have been determined in the previous 
section. 

The difference between the internal rotation 
energies of the two levels with which the 
transition concerns, Wx'un—Werun, iS some- 
times larger than several cm-'! in the excited 
torsional states. Therefore, the spectrum for 
the excited torsional states is quite different 
from the spectrum for the ground torsional 
state as shown in the following subsections. 
(a) Pair lines. 

The lines at 14320.2Mc/sec and 15339.0 
Mc/sec which show the second-order Stark 
effect are assigned as the transition /=3<2, 
K=2<-1, u»=0<—0, n=1<-1. The Stark com- 
ponents of the lower frequency line move 
towards higher frequencies and those of the 
higher frequency move towards lower, so that 
the lines appear to be mirror images. The 
directions of the Stark displacements, how- 


ever, are reversed to those of the “ mirror 


lines” observed in the spectrum of methyl 
alcohol by Hughes, Good and Coles®. 
J=3, K=O (+) 30s 


9.3 cm'! 


-) 3 
y=3,K=2 Seat te 
=2, K=L 
y { (-) 212 


Fig. 3. Pair lines in the n=1 state. 


14320,2Mc 
15339,0M 


Each energy level of #=0 (K+0) splits into 
doublet due to asymmetry (K-type doubling). 
The wave function for a K-type doublet level 
of /=3, K=2 has one of the two following 
forms: 

UH, =aohot+ar(p-2+ $2) 
and 

VS, =b2(b-2— 2) (10b) 
where the x are the symmetric hindered 


Ao< az (10a) 
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rotor wave functions. The shift from the 


ane ee 
symmetric hindered rotor, energy*, W?, co» 
is 


2 
sea (\MMHER EB Oado ) 
4z23=2 W® 


Ji=23s kane Wy sf 
for the ¥(2, level, while the YS, level re- 
mains unperturbed. As shown in the energy 
level diagram for the m=1 state (Fig. 3), 
W ,,x=0 is higher than WY, ,., by 9.3cm™! 
because of the large internal rotation energy 
of the /=3, K=0 level. Thus the ¥, level 
is shifted down by 47=3, so that the K-type 
doublet levels “of "J=3" "“K=2?2.u=0, 7=1) are 
inverted to those of a rigid asymmetric rotor. 
In Fig. 3 the notation of energy level, Jx_,«4,, 
defined for asymmetric rigid rotor is also 
used for convenience. 

Since the Stark effects of the pair lines are 
mainly due to the interaction between the 
near-by levels 32,2 and 32,1, the Stark com- 
ponents of the 32,2<-2:,1 line at 14320.2 Mc/sec 
move towards higher frequencies while those 
of the 32,1<-2:,2 line at 15339.0 Mc/sec towards 
lower. 

Since the splitting of the /=3, K=2 level 
is calculated to be 9.3 Mc/sec from (11), the 
K-type splitting of /=2, K=1 level, 47=? is 


(11) 


obtained as 1028.6 Mc/sec. 4%_, is given by 
by ages 5 TTT+Y) 2) 

where 
Tai"=| 0,0 sade (13) 


The value of J;!° is calculated to be 0.640 
by using the moments of inertia and the 
potential barrier given above. Then (A—B)/2 
=267.8 Mc/sec is obtained. This value can be 
compared with the value 276.6 Mc/sec which 
is determined from the lines of A-type transi- 
tion in the ground state. 
(b) Stark effect of the J=1<—-0, K=0<—0O lines. 
The Stark effects of the /=1<0, K=0<0 
lines are listed in Table VI. It is noticeable 
that the w=-+1, m=1 line has small Stark 
coefficient in comparison with others. The 
Stark displacement of these lines is theoreti- 
cally expressed by 4y=(Ay?+By.*)€? where 
Ayi2& is the same as in the case of sym- 


* The symmetric hindered rotor energy, Wor 
is (Wr«t+ Wrun) in Eq. (1). 
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Table VI. Stark displacement of the J=1<0, 
K=0<0 lines: 4v=Ce?. 


{ 


25154.9 1.011 


Assignment Frequency C in 
sade, . in Mc/sec — (Mc/sec)/(V2/cm?) 

0 0.4 25290 .9 0.994 10-5 
0 set / 25291 .9 0.994 

1 Om} 25219 .5 0.998 

1 seal | 25206 .9 0.576 

2 6, |" W51ngie 1.026 

pall 


metric rotor and By,2&? in the contribution 


Irom. the HY->*=*-elementwot the Hamil- 
tonian. Since the energy differences between 
the J, K and /—1, K—1 levels are estimated 
from the observed lines in the m=1 state, 
the dipole moment can be determined from 
the coefficients of the ~=1 lines. The values 


obtained are 


HII SSiless6y 1D) 
and 
Ls =0.76 D . 


They coincide with the values obtained from 
the 2:,2—30,3 line in the =O state within the 
estimated accuracy. 
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(c) Analysis of the series lines (4J=0) 1 

The Stark effect for the series lines of 1 
u=+1 is predominantly of first-order with a _ 
small admixture of second-order. The Stark | 
displacement for the t-series lines is given in | 
the first-order expression by 
fy +21.5741.G 

sia 


+3,722,G1€M 

(14) » 
where G=(h/8z*)(D/T,?) is in cm, v in Mc/sec, 
win Debye unit and € in V/cm. By use of 
the experimental values listed in Table I, 
the value of D can be determined as —0.35 
amuA?. 

The quantities a@ and b appearing in Table 
Ii are the coefficients of the /?+/ and (J?+J/)? 
terms, respectively, in the expansion form of 
the frequencies for the s- and t-series. The 
coefficient 6b is due principally to the off- 
diagonal elements, H7:X*?. The calculated 
values of 6 for these series are in good agree- 
ment with the experimental values as shown 
in Table VII. The coefficient a is due to not 
only the off-diagonal elements H/-**! and 
Hi **?, but also the centrifugal stretching 
of the molecule. The contributions from the 
off-diagonal elements can easily be calculated, 


4y=0.5082| 


Table VII. Coefficients of the s- and t-series in the expansion form. 


beat bexp 


| | | 


| Qcentrifugal | A@K+1OK | aKk+20K | Qeal Qexp 
Ss | —0.0039 —0.00321 | 1.00 | 0.236 | 0.007 1s 1.319 
t | 0.03223 | 0.03222 | —4.66 | 4.06 —0.393 —0.99 —0.809 


but it is difficult to evaluate the centrifugal 
effect with any exactness. By modifying the 
theory which was developed by Kivelson®) to 
interpret the fine structure of the J=1<0, 
kK=0<0 line of methyl silane and was also 
successfully applied to methyl alcohol’ and 
methyl mercaptan®, the displacement of each 
line of the series from its origin due to the 
centrifugal effect can be expressed in a rough 
approximation by 


4y=(J°+ J) FaKK 1 —c0s 3x) 
=< IC cos 34K). 
+ “EGA<K|b2|K’)— ‘pot >> | 


(15) 
where p.=(h/27i)/(0/Ox) and K represents the 


initial state and K’ the final state. Since the 
coefficients F, and G, have been obtained 
in the previous paper the centrifugal effect 
can be estimated. The resulting value of a 
is compared with the experimental value as 
shown in the last two columns of Table VII. 

The r-series has its origin outside the ob- 
served range and extends towards lower fre- 
quencies. It goes to zero frequency and come 
again towards higher frequencies. The posi- 
tion of each line of the series is mainly due 
to the K-type doubling of the levels with 
which the transition concerns. When the 
K-type doubling becomes large with high /, 
the involved levels are reversed. Since the 
Stark energy for the high J lines of the 
Series is mainly due to the J, K-J, K—-1 
interaction, the Stark components of the ob- 
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served lines (containing the lines which arise of the SH-bond, which Fe defined by 


from the transition between the reversed 
levels) move towards higher frequencies with 
increasing field. The frequency of the origin 
of the r-series is estimated to be 60800 Mc/sec 
by using the frequencies of the pair lines 
mentioned above which arise from the same 
transition of internal rotation. 

The p-series has its origin at about 18300 
Mc/sec and extends towards higher frequen- 
cies. Though the / values of the individual 
lines of the series can not be definitely deter- 
mined, the dependence of the frequencies on 
the estimated / values is not inconsistent 
with the consideration of the centrifugal ef- 
fect. 

The u-series is considered to arise from the 
isotopic molecule CH;S** from its intensity. 


$6. Discussion of Potential Barrier 


In Table V the observed frequencies of the 
m=1 lines are compared with those which 
are calculated from the moments of inertia 
determined by the analysis of the ground 
torsional state. The differences between the 
observed and calculated frequencies are con- 
sidered as due to the effects of the deforma- 
tion of the potential barrier from the sinu- 
soidal [form and the nonrigidity of the mole- 
cule. The value of Vs in Eq. (7) is determined 
as Vs=—2.0cm~! in order to make the best 
fit between the observed and calculated fre- 
quencies of both the ~=0 lines and the n=1 
lines. Though this value of Ve is not signi- 
ficant because of the assumption of the rigid 
rotor, it may be concluded that the potential 
barrier of methyl mercaptan is sinusoidal in 
form with an accuracy of better than one 
percent. Recently, Burkhard and Dennison*? 
obtained a similar result in the case of methyl 
alcohol. 


§7. Molecular Structure 

The method used to determine the mole- 
cular structure is the same as used before’. 
In addition to the values of , f and D ob- 
tained in the previous sections, we have the 
following equation for each of the isotopic 
molecules: 


(16) 


eG, bape )=2Be 
167? 1p Lye Dé 
In above equation By is the rotational con- 


stant corresponding to the equilibrium position 
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where »v is the frequency of the J=1<0, 
K=0<-0, line and € the contribution from 
the off-diagonal elements of the Hamiltonian 
due to asymmetry. By using the values of 
By for CH3SH, CH:SD and CD;SH which were 
obtained before», the molecular dimensions 
are determined as shown in Table VIII. 


Table VIII. Molecular structure of 
methyl mercaptan. 


dsu=1.335+0.010 A 
dcs =1.819+0.005 A 
dcu=1.092+0.010 A 


ZCSH=96°30! + 30/ 
ZHCH=109°45/ +30’ 


The angle between the CS-bond and the sym- 
metry axis of the methyl group is 2°10’+30’. 


The author expresses his hearty thanks to 
Professor Koichi Shimoda for his encourage- 
ment and advice throughout this work. 
Thanks are also due to Dr. Tetsuji Nishikawa 
for his valuable discussions. 
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Heating of a Plasma by Acoustic Waves 


By Taro Dopo 
Hitachi Central Research Laboratory, Kokubunji, Tokyo 
(Received March 16, 1960) 


Generation of an acoustic wave and transformation of its energy into 
thermal energy are considered. We generate an acoustic wave, imposing 
an oscillating magnetic field to a cylindrical plasma in a static magnetic 


field. 


When the suitable frequency of oscillating field is chosen, an 


acoustic wave is excited at an intermediate state between adiabatic and 


isothermal states. 


In this situation acoustic energies are transformed 


into thermal energies through the irreversible flow of heat due to stress 


relaxation. 


In this method, the efficiency of heating is very high. The calculation 
shows that this method should be suitable to heat a plasma of moderate 
temperature (10'~108 °K) and of high density (10!4~101® particles/cm®). 


§1. Introduction 

For the creation of a thermonuclear plasma, 
the heating of plasma through an application 
of oscillating electromagnetic field!” is a very 
important means. When an oscillating field 
is applied to a plasma, an organized motion 
will be generated. However, unless the energy 
of organized motion is transformed rapidly to 
the random energy, the motion of large am- 
plitude may cause an instability and _ this 
method will be inadequate for heating plasma. 

Here, it is proposed to heat a plasma 
through a generation of acoustic wave. As 
for the thermalization of acoustic energy, we 
call attention to that a plasma is a dispersive 
medium with respect to acoustic waves. In 
ordinary gases and solids, only above ultra 
high frequencies, 10°cycles/sec or more, 
acoustic waves are generated at isothermal 
state. But in a high temperature plasma, the 
thermal conductivity is very high. So acoustic 
waves are mostly generated at isothermal 
state. Of course, there is no dissipation of 
acoustic energy in either the isothermal or 
the adiabatic state. If the time +t, in which 
the heat flows from the compressed portion 
to the dilated portion of acoustic wave, is the 
same order of magnitude as the period of 
sound, the heat flows irreversibly. Then the 
acoustic energy is transformed to the thermal 
energy. This dispersive absorption is similar 
to the absorption of the electromagnetic wave 
in dielectric media or the elastic wave in 
visco-elastic high polymers. 


§2. Generation of an Acoustic Wave 
We shall consider the generation of acoustic 


wave in an infinitely long cylindrical plasma 
confined by static magnetic field Bo directed 
to z-axis. The radius of the plasma is 7. 
When an oscillating field Bi =€B) sin kz exp (zt) 
is superposed to this static field, the radius of 
plasma cylinder oscillates according to 
r=rol[1—(1/2)€ sin kz exp (iwt)] , (1) 
because of the relation 7?>B=constant. If the | 
mean free path of particles is sufficiently — 
shorter than 7) and 2z/k, an acoustic wave will | 
be generated as shown in the following*. 
Let & be the axial displacement of the centre 
of masses, 9 be the mass density and p be 


the pressure. The equations of motion and 
of conservation of mass are 


jE 9b __0p00 
000z ’ 


or? Oz So? 


oro =or'( ih 23) : Coa 


With these equations and Eq. (1), we obtain 
an equation of forced oscillation 


Ct eee ry al BP ei 
rele as Ek cos kze vs (4) 
dp 
2— 
c ree (5) 


Eq. (4) shows that a longitudinal oscillation is 
generated as a result of the radial oscillation 
given in Eq. (1). 


§3. Thermalization of Acoustic Energy 
The thermal conduction being taken into 


* The compatibility of the condition r2B=const. 
and the condition of excitation of acoustic wave is 
not discussed here. 
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account, the sound velocity c?=dp/do is deter- 
mined by the equations of state?) 


4p=(cr*)Ap—pAT , (6) 


Cl aT) =KpUAT) +4 2 (46) , 


where 


cr=(0P/00) 7? const. =(Po/po)'/”? , 
L=—(00/0T ) ~const. = Onia 
a=C(OT/0p)aaiabatic , 

K is the thermal conductivity, C=heat capa- 
city per unit volume, 4p, 4p and AT are the 
deviations from the equilibrium values po, 


_ po and To, respectively. Eliminating 4T from 
Eqs. (6) and (7), we obtain 


er®[74(4p) +40] =cr(4p) +40 , (8) 
where 
ta=(c2/er*)tr , ce@=A+pya/C)cr? , 
and tr is determined by the equation of heat 
conduction 
(K/QC)p?(4T )+tr-(4T)=0. 

tr is the stress relaxation time in which heat 
flows from the compressed portion to the 
dilated portion. From the above equation, we 
get 

tr 1=(K/C)(2n/2)* , (9) 


where 7 is the wave length of sound. 
Now we obtain the expression of sound 


velocity from the equation of state (8). If 4o 
and 4p vary as 
4p, Apxexp (tut) , 
we obtain the sound velocity 
dp _ 2 ete +1as 
do twtr +1 
= orate) +1 +iolta—t7) Ba (10) 


(otr)?+1 


In limiting cases, this expression becomes the 
adiabatic or the isothermal sound velocity: 


dp_ta, 2—¢,? for otr>1, 
dp tr 

dp _ 2 for otr<l1. 
dp 


The dispersion relation (10) is well-known for 
the case of the absorption of electromagnetic 


wave in dielectric media”. 


* o,pand c? correspond to the electric field E, 
displacement D and dielectric constant €, respec- 


tively. 
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The phase angle 6 between 4p and 4p is 


given by 
tan é _ imaginary part of c? 
real part of c? 


_ Of A—Tr) Cd C7" OT (11) 
1+(or )? Ce 1+(or)? ’ 
where 
TC —=tyucr and ¢C2==CuGr . (12) 


When od is not so large, the relation between 
6 and the fractional decrease of sound energy 
per cycle 4W/W is as follows: 


2x tand=4W/W . (13) 


The relaxation strength (c4?—cr*)/é? in this 
case is very large. Soa large fraction of the 
energy of organized motion is transformed to 
the thermal energy. 


§4. Examples 


Two cases are considered for the acoustic 
heating, one is the heating by standing wave 
and the other is by travelling wave. 

We shall first discuss the heating by stand- 


ing wave. The solution of Eq. (4) is 
fe Ekc? € 
E=&, coskzexp(iwt), &= pan = ae 
(14) 


If the frequency of external field is not equal 
to the natural frequency of plasma, & is the 
order of &/k. The acoustic energy is (1/2)o- 
(wEo)?= (1/2) oc?EPF= (1/2) pE?. In usual cases, 
p~(1~10-) x (magnetic energy for confine- 
ment), so the acoustic energy is (1~107-!)x 
(energy of osillating magnetic field). There- 
fore, the thermal energy supplied to the plasma 
through acoustic energy is (10-!'~10-*)x 
(magnetic energy of oscillating magnetic field), 
because tan 6107". 

On the other hand, the,Q-value of coil sys- 
tem, the ratio of the energy of oscillating 
magnetic field multiplied by the angular 
frequency to the ohmic power loss in the coil, 
is order of 102. Therefore, the thermal energy 
supplied to the plasma is (10~1) x (energy dis- 
sipated in the coil). Thus we get the efficiency 
of suppling energy to plasma through stand- 
ing wave of suitable frequency as 50% or 
more. 

For the particular case of deuterium plasma, 
the sound velocities and the thermal diffusion 
coefficient are 
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C4=V pple =V 7 (Z+DnieT/ nimi 
=1.17x10!T'/2 cm/sec deg”? , 


Cr=// d/o =9.1xtOne 
t=7/4(p/p)'/2=1.03 x 10‘T*/?_ cm/sec deg’? , 
(15) 


cm/sec deg” , 


K/C=D=a«T )9?/me'e'Zmi=5.7 ) 
x 10°T/2n-1 m=! sec deg-*/? , J 


(16) 
where 7 is the ratio of specific heats, Gal Co 
ec is the Boltzman constant and a has the 
magnitude? around 10. For a cylindrical 
deuterium plasma of radius 5cm, density 
10*° ions/cm? and 10°°K, numerical values of 
the above expressions are 

Ca=3.7X 108 cm/sec , cr=2.88x 10° cm/sec , ) 
= =3.25 108 cm/sec , D=1.8x10' cm?/sec , J 

(17) 
and a suitable wave length 4 to generate an 
acoustic wave will be 

A=20 cm. (18) 
For the most efficient frequency f=(2zT)-, 
we get from Eqs. (9), (12), (17) and (18) 
f=(2nt)= D2n/2?)/2n(7)? 
=2.2x 10° cycles/sec . (19) 
In this case, using the above numerical values, 
we get the acoustic energy (1/2)o(w&o)? as 
(1/2) o(wFo)’ (3/2) PE? . (20) 
When tan is not so small, 4W/W should be 
given by, instead of Eq. (14), 


4W/W=[l—exp{—4zx tan (6/2)}]. = (21) 
In our case, from Eq. (11) 
oly er i Me EA 
tan d= i 2 VIB? (22) 
and we get 
4W/W~0.8 . 


If the gas pressure p is one tenth of the 
magnetic energy for confinement, the thermal 
energy supplied by the oscillating magnetic 
field is 
4W~(0.8) x (3/2) x (1/10) x (energy of 
oscillating magnetic field) . 

When the Q-value of coil system is 100, the 
effeciency 7 is in this example 
e AW id= 

4W+ohmic loss [10-!+27(100)-] 
~60% . (23) 
We shall next discuss the heating by 


7] 


Tard DoDO 
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travelling wave. If we generate a travelling 
acoustic wave by imposing an oscillating 
magnetic field on a small longitudinal section 
(heating section) of a cylindrical plasma, the 
wave length 4 is determined automatically by 
the frequency of oscillating field and the tem- 
perature of plasma. In this case, the most 
suitable frequency is determined by the fol- 
lowing simultaneous equations: 
f=(Qnt)'=Dn/ayt/2n(r)” , | 
fEike j 

For the deuterium plasma employed in the 
above example, #:=10' and 7:=7.=10° °K, 
the frequency and the wave length deter- 
mined by the above equations are 

f=1.2x10> cycles/sec and A=27cm. (25) 
The logarithmic decrement of the wave 
amplitude is 

log. dec. =2z tan (6/2)~z tan 6=0.8 , 

using the numerical value in Eq. (22). The 
eighty per cents of acoustic energy are trans- 
formed to the thermal energy after travelling 
one wave length (=27 cm). 


(24) 


Appendix. 
The Physical Meaning of ctr and r4 


If we decrease rapidly the volume of the 
container of gases, the gas pressure increases 
by the amount 4p=c.240. As the time 
elaspses, heat flows from the gases to the 
surrounding walls and the increment 4p ap- 
proaches to 4p=cr?4p. The decay constant 
tr Of 4p is called the stress relaxation time. 
(See Fig? 1%(a)) 


Po* C4? |-------- 


Po +clap Se 
Po 


(a) 


Fig. 1. (a) The stress ¢4240 relaxes with the 
time constant cz. (b) The strain Ap/e4? relaxes 
with the time constant c4. 


In the similar way, when we increase the 
pressure applied to the container of gases, 
decrement 4o approaches to 4o=Ap/cr? with 
the decay time ry. (See Big to) 
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: In a single crystal of KI/Tl, emissions from TI+ ion and a certain 
) impurity were observed under excitation of light in the first character- 
istic absorption band of KI. These exciton-induced luminescences were 
measured at various temperatures for specimens of several concentrations 
of Tl* ion. The intensities of the exciton-induced luminescences attained 
saturated values at about liquid oxygen temperature. In consideration 
of the amount of energy transferred to the impurity, the saturated inten- 
sities of the exciton-induced luminescence from Tl+ ion are almost in- 
dependent of the concentration of Tl* ion in the range of 10'°~10!9/cm3 
and showed a quantum efficiency as high as 30%. Therefore the migra- 


tion of an exciton through the crystal was confirmed. 


transfer from the exciton to the F center 
through the so-called dipole-dipole interaction 
proposed by Dexter®. On the other hand Dexter 
and Heller» have calculated the interaction 
between the exciton and the F center, obtain- 
ing 10” sec“! as the probability of ionization 
of the F center. Then in the case of Apker 
and Taft’s experiment where the concentra- 
tion of the F center was estimated as high 
as 1018~10!*/em’, the exciton-induced yield of 
the ionization should be unity in the order of 
magnitude on the stand point of the migra- 
tion of the exciton. 

In the next place, Inchauspé® has carried 
out a similar experiment as that by Apker 
and Taft, using a method of detecting photo- 
conductivity. His results showed that the 
exciton-induced photocurrent was independent 
of the F center concentration, and seemed to 
show. the migration of the exciton. The 


$1. Introduction 

A possibility of migration of an exciton in 
alkali halide crystals has been discussed theo- 
retically», and an explanation» for no ap- 
pearance of the edge luminescence of alkali 
halides was based on the nature of migration 
.of an exciton through the crystals. 

Apker and Taft have observed that the 
excitons in alkali halides interacted with F 
centers and transferred their energy to the 
latter, ejecting electrons out of these centers. 
‘They adopted the external photoelectric effect 
as the detecting method and obtained the 
value of quantum yield as small as 1x10 
for the exciton-induced photoelectric effect. 
Although the real quantum yield for ejecting 
an electron out of the F center was not de- 
termined, they estimated the yield of l0g ain 
the order of magnitude by considering the 


lost part of ejected electrons in the erystal. 
Because of the very small quantum yield, 
they could not deny a possibility of energy- 


* Reported at the meetings of the Physical 
Society of Japan. Oct. (1958) & Apr. (1959). 


exciton-induced photocurrent, however, could 
be observed only in the region of the long 
wavelength tail of the exciton absorption 
band, and then it is ambiguous that the photo- 
Ylectron he caught came from the F center 
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alone. In his experiment, a value of about 
twenty can be obtained as the real quantum 
yield of the exciton-induced photoconductivity, 
if we assume that the same process takes 
place as in the case of ionization of the F 
center under irradiation of F band light. 
Furthermore, his results were obtained 
through D. C. method, so the real magnitude 
of photocurrent might be hardly obtained in 
these insulators because of the space charge 
formation. It is necessary to clarify the pro- 
cess of interaction between the exciton and 
the F center in order to interpretate his 
results. 

Ueta and co-workers” have also studied on 
the interaction between the exciton and the F 
center through detecting F center bleaching. 
In their experiments only light in the tail of 
the characteristic absorption band was used. 
The quantum yield of the bleaching effect by 
excitons was about 15, and they proposed a 
model that the thermal spike due to excitons 
took place and eventually F centers were 
thermally bleached, being converted to metal- 
lic colloids. In their experiments, however, 
the problem of exciton-migration was not 
touched. 

Although the interaction of the exciton 
with the F center in alkali halide crystals 
was confirmed as mentioned above, the nature 
of exciton-migration has not been clarified. 
In the present work, measurements were car- 
ried out to make ascertain the existence of 
the moving exciton in KI by detecting the 
exciton-induced luminescence which is the 
most suitable for the present purpose. 


§2. Luminescence of KI/TI 


It is well known about natures of lumi- 
nescence of alkali halides containing Tl* ion 
as an activator®. A few characteristic pro- 
perties of the luminescent material are as 
follows. Tl* ion occupies substitutionally some 
of the sites of alkali metal ion, distributing 
randomly in the crystal. The quantum yield 
of luminescence is nearly unity. The lumi- 
nescence has no nature of thermal quenching 
below room temperature and also concentra- 
tion quenching even in the case of rather 
high concentration of the activator. Then the 
luminescent material is very useful for study- 
ing the interaction between excitons and TIlt+ 
ion. For instance, in measuring of tempera- 
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ture-and concentration-dependence of the in- 


teraction, the above mentioned properties of — 
the direct luminescence from TI* ion itself | 


will not confuse results. 

KI/TI single crystals were prepared by the 
Kylopoulos method. The concentration of Tl* 
ion was determined by measuring the optical 
density of the absorption band peaked at 
283 my at room temperature. As the oscil- 
lator strength of the absorption band, the 


data given by Yuster and Delbecq®? were 


adopted. The oscillator strength at room 
temperature was assumed to be equal to the 
one at liquid nitrogen temperature which was 
obtained by the above authors. In case of 
very high concentration of Tl* ion, the amount 
of Tl* ion was obtained by the chemical ana- 
lysis. 

All the intensities of emissions observed 
varied proportionally with the intensity of 
incident light, therefore measurements of 
luminescence were carried out as reported 
before. Absolute values of quantum yield 
of luminescence were not determined, however, 
yields were obtained through refering to the 
intensity of the direct emission due to Tl* 


ion itself in the case of high concentration of 


Tl* ion such as 10!8/em* where the almost all 
of the incident light was absorbed in the 
specimen. The quantum yield of the direct 
emission from Tl* ion is about 80%. 

The optical absorption curve of KI/T1 at 
liquid nitrogen temperature” is shown in Fig. 
1. The dominant absorption bands appear at 
224, 233, 244 and 282my. The first band is 
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Fig. 1. The absorption curve of KI/T1 at liquid 
nitrogen temperature. T1+ ion concentration is 
1.2x10-®mol. (after Yuster and Delbecq). 
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known ‘as the Greek band due to Ti+ ion, 
that is the adsorption band of the localized 
exciton around TI* ion. In cases of very 
high concentration of Ti+ ion, absorption 
bands at 250 and 290 my appear. They are 
due to double Tl+ ions center. 


joke) 


220 


> igo 


Intensity of luminescence 


fs) 


Os 


oe eos aes TO 460 500 540 
Wavelength (mp) 

Fig. 2. The emission and excitation spectra for 
KI/T1 at liquid oxygen temperature. Tl1* ion 
concentration is 3x 10!7/cm?. 

Upper: The excitation spectra for the emission 
at 440 mp. 

Middle: The excitation spectra for the emis- 
sion at 305 mp. 

Lower: The emission bands under excitation of 
283 my (solid line) and 250 mp (chained line) 
lights. 


There are little data on the luminescence 
of KI/Tl, so we have attempted to study 
detailed properties of the above luminescence. 
In Fig. 2* one example of the luminescence 
of KI/Tl at liquid oxygen temperature is 
shown. As in the following, intensities of 
emission are shown for constnt energy of 
incident light through out all of the wavelength 
region. At liquid oxygen temperature, an 
emission band lying at 425my is observed 

* The intensity scale of luminescences shown in 
Fig. 2 and 3 is different from that shown in the 
following figures. The band pass of the incident 
light was 4my at 220 my» through out the present 
measurements. 


Exciton-Induced Luminescence im KI/TI. 
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under excitation of 224, 233 and 282 my lights 
and an emission at 305 mp appears under ex- 
citaion of only 233 and 244 my lights. The 
latter emission quenches thermally at room 
temperature against the former. In cases of 
very high concentration of Tl+ ion, a new 
emission at 320my appears under excitation 
of 250 and 290 my lights. It may be attribut- 
ed to the double TI* ion center. 


$3. Exciton-induced Luminescence of KI/TI 


At liquid oxygen temperature, under excita- 
tion by exciton light, two kinds of emission 
are observed. As Fig. 3 shows, one lies at 
425 my and the other at 360~380 my.** The 
former is coincident with the direct emission 
from TIl* ion itself and the latter is the same 


Oo eo) 
INXS) = 


Intensity of luminescence 
2) fo) 
moO = 


re) 


360 400 440 480 


320 


Wavelength (mz) 


Fig. 3. The emission spectra under excitation of 
the exciton energy (216my) at liquid oxygen 
temperature. T1* ion concentrations are; A: 
6x 1018/cm3, B:3x10!"/cm3, C:1x10!"/cm? and 
D 25510 cmt 


‘The crystal used in this measurement is 
obtained from another reagent than that used for 
the crystals in the following measurements. 
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one as that appeared in pure KI crystal??!). 
The emission at 305my from Tl* ion men- 
tioned before cannot be found in this case. 
Therefore we have confirmed actually the 
exciton-induced luminescences from Tl* ion 
and a certain impurity involvod in the host 
crystal. In the other words, the exciton tran- 
sfers its energy to Tl* ion and the unknown 
impurity, whose excitations lead eventually to 
emit their own luminescences. The figure 
shows that the higher is the concentration of 
Tl* ion, the more intense is the emission lying 
at 425 my against the emission band at 360~ 
380 my. 

In the next place, temperature-dependences 
of the exciton-induced luminescences were 
measured for specimens of various concentra- 
tions of Tl* ion. In these measurements, two 
sets of glass filters (Toshiba Electric co.) were 
adopted to separate the above two kinds of 
emission in place of the monochromator used 
for measurement of the emission spectrum. A 
set of V-Y3C and V-CIA filters was used for the 
emission from Tl* ion, and a set of UV-DI and 
UV-DII filters for the emission at 360~380 my 
which came from the unknown impurity. (In 
the following, we call this impurity D impuri- 
ty.) The transmission curves of these filters 
are shown in Fig. 4. As both emissions hardly 
alter their positions over all the temperature 


region in the present measurement, these 
60 
40 
20 
< 
i (0) 
Ss 300 320 340 360 380 400 
% 60 
€ 
Nn 
5 
= 40 
20 
(0) 
400 420 440 460 480 500 
Wavelength (m2) 
Fig. 4. Transmission curves of optical filters. 
Upper: UV-DI+UV-DII. Lower: _V—Y3C+- 
V-CIA. 


M. ToOMURA and Y. KAIFU 


(Vol. 15, 


filters are sufficient for separation of the two | 
emissions. 

Fig. 5 shows one example of excitation 
spectra of the exciton-induced luminescences | 
from Tl* ion and D impurity at various tem- 
peratures. The excitation bands due to the 
direct absorption by Tl* ion in the longer | 
wavelength region than the exciton absorp- 
tion band are omitted for the moment in the 
figure. The excitation curve for the exciton- 
induced luminescence from Tl*+ ion overlaps . 
with the excitation curve due to Tl* ion 
itself, so they are designated roughly separa- 
tely with dotted curves in the figure. 
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Fig. 5. The excitation spectra for the exciton- 
induced luminescences from Ti+ ion (solid line) 
and D impurity (chained line) at several tem- 
peratures. Tl+ ion concentration is 4.2~x 
10'*/cm. A: -211°C, B: -202.5°C, C: -174°Cfand 
D: -138.5°C. The left and right ordinate scales 
correspond to the solid and chained lines respec- 
tively. 


The peak of the exciton absorption band of 
KI lies at 214 my at liquid nitrogen tempera- 


ture and 220my at room temperature. As 
the figure shows, the  exciton-induced 
responses are found in these wavelength 


region. At low temperatures the shape of 
excitation spectrum for the exciton-induced 
luminescence is similar to that for the exciton- 
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induced photoelectric 
Apker and Taft®. At higher temperatures, 
however, the exciton-induced luminescence 
decreases and the shape of the excitation 
spectrum becomes flat as in the case of the 
above authors. 

The yield of the exciton-induced lumines- 
cence at lower temperatures shows a mininium 
just at the peak of exciton absorption band. 
Because of very high absorption coefficient at 
this peak the exciton may decomposes near 
the surface of the crystal and the yield may 
diminish markedly. Thus the shape of excita- 
tion spectrum is not so simple to define the 
intensity of the exciton-induced luminescence. 
We shall tentatively take the maximum height 
of the excitation spectrum which lies at above 
216 my in the case of lowest temperature as 
the intensity of the exciton-induced lumines- 
cence from Tl* ion. As will be discussed in 


effect observed by 


the following paper, at the wavelengh region 
of this maximum the absorption coefficient 
seems to be so small that excitons are creat- 
ed deep in the interior of the crystal under 
irradiation of light at this wavelength. There- 
fore this induced luminescence will not suffer 
the 


from influence of the surface of the 
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Fig. 6. The temperature-dependence of the exci- 
tion-induced luminescences from Tl* ion and D 
impurity for specimens of several concentrations. 
Tl* ion concentrations are A: 2.7 x 1012/cm3, B: 
5.7 x 10'8/cm3, C:7 x 1017/cm? and D:4.?x 10'*/cm?. 
Left is for Tl* ion and right for D impurity. 
In the left figure the hatched line shows the 
maximum intensity of the direct emission from 
Tl+ ion and the broken line shows the maximum 
intensity of emission in the Greek band due to 
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crystal. It can be seen in Fig. 1 that the 
absorption coefficient of a single crystal at 
216my is so small as 102?cm-! in contrast 
with the one of evaporated polycrystalline 
film which is about 10°cm7'. 

Since the excitation spectrum of the exciton- 
induced luminescence overlaps with that of 
the direct emission in the Greek band of Tl+ 
ion, rather large errors come into the pro- 
cedure of separation of both excitation spectra, 
especially at higher temperatures and for 
specimens of higher concentration of TI+ ion. 
As for the exciton-induced luminescence from 
the D impurity, its intensity at the wavelength 
where the excitation spectrum for Tl* ion 
emission shows maximum was taken instead 
of the maximum value of the excitation 
spectrum for the D emission. Thus we 
obtained the intensities of the exciton-induced 
luminescence at various temperatures for 
specimens of several concentrations of Tlt+ 
ion. The results are shown in Fig. 6. 

The yield of the exciton-induced lumines- 
cence increases with decrease of temperature 
and attains a saturated value at about liquid 
oxygen temperature. 


84. Migration of Exciton 


We have obtained already an evidence that 
the exciton transfers its energy to both Tlt+ 
ion and D impurity. Therefore, if we want 
to discuss the real yield of the exciton-induced 
luminescence from Tl* ion only, we must 
correct the obtained intensity by the amount 
of the energy transferred to D impurity other 
than TI* ion. If the host crystal contained 
no D impurity, the energy transferred to D 
impurity should be also transferred to Tl* ion. 

The exciton will loses its energy also 
through creating and ionizing F centers. At 
present we have no quantitative knowledge 
of these effects, however, the amount of dis- 
sipating energy might not overcome the one 
transferred to D impurity. Furthermore, there 
may be many defects such as dislocation and 
vacancy in the crystal, and the exciton may 
decompose at these imperfections. In order 
to detect such effects, the surface of the an- 
nealed crystals were polished and the influence 
of polishing was observed. By polishing the 
exciton-induced yield decreases at the wave- 
length 1egions of maxima of the excitation 
spectra as shown in Fig. 7. In viewing of 
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these results, it is known that some defects 
which are perhaps dislocations hinder the 
energy-transfer of the exciton to Tl* ion and 
D impurity. 

Then if we correct the intensity of the 
exciton-induced luminescence from T1* ion by 
the amount of the exciton energy lost to the 
D impurity and imperfections, it seems to 
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Fig. 7. The infl ence of polishing on the exciton- 
induced luminescences. Tl* ion concentration is 
4.2x 10'*/cm®. Upper: excitation spectra for Tl+ 
emission. Lower: excitation spectra for D emis- 
sion. The solid and chained lines correspond 
to the annealed crystal (—207°C) and polished 
crystal (— 209°C) respectively. 
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i Fig. 8. The relations between the saturated 
intensities of the exciton-induced luminescences 
and the concentrations of Tl+ ion. A: for TI+ 
ion emission and B: for D emission. C: the sum 
of the intensities of emissions from Tl*+ ion and 
D impurity. D: the quantum yield calculated 
by Dexter for the case of energy transfer through 
dipole-dipole interaction. The hatched line 
shows the maximum intensity of the direct 
emission from Tl* ion. 
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become nearly independent of the concentra- 
tion of Tl+ ion in the range of 10!°~10!"/cm’. 
The curve A in Fig. 8 shows the concentra- 
tion-dependence of the exciton-induced lumi- 
nescence at liquid oxygen temperature at 
which the yields have the saturated values. 
The dependence seems rather weak. Cor- 
recting it by the lost part of exciton energy 
to D impurity which is shown with the curve 
B, the curve C is obtained. 

As for the absolute quantum efficiency of 
the exciton-induced luminescence, the curve 
C should be compared to the hatched line in 
the figure. The latter shows the maximum 
intensity of the luminescence due to the absor- 
ption by Tl* ion itself as mentioned in § 2. 
The efficiency attains about 40% of the above 
reference intensity. 

In the process of energy-transfer, there are 
two mechanisms to be considered. One is the 
so-called dipole-dipole interaction proposed by 
Dexter and the other is the migration of the 
exciton through the crystal. According to 
the former theory, the exciton transfers its 
energy to Tl* ion over some distances and 
the probability of transfer-process decreases 
rapidly at lower concentrations of Tl* ion. 
The curve D in Fig. 8 shows the concentra- 
tion-dependence of energy-transfer calculated 
for NaCl at an appropriate condition by 
Dexter. Since the present experiment shows 
already the intensity of the exciton-induced 
luminecence from Tl* ion nearly independent 
of Tl* ion concentration in the range of 10/°~ 
10'°/em’, the migration mechanism of exciton 
through the crystal is found to play a domi- 
nant role. The exciton collides with a Tl+ 
ion after wandering to a more or less distance 
through the crystal, transferring its energy 
to Tl* ion, of which excitation leads even- 
tually to its own luminescence. The high 
quantum efficiency of the exciton-induced 
luminescence such as 40% of the efficiency 
of direct emission from Tl* ion itself also 
seems to support the above process. 

The emission band at 305my from Tl* ion 
can be observed only under excitation of lights 
in 233 and 244my absorption bands at low 
temperatures, and does not appear under 
excitation of lights in the exciton absorp- 
tion band as well as the Greek band 
224my due to Tlt ion. In view of the fact 
that irradiation of light in the exciton absorp- 
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tion band which has higher energy than lights 
in the absorption bands 233 and 244m, 
cannot give rise to the emission at 305 my in 
contrast to the latter lights, the following 
model will be proposed. After an exciton 
meets a Tl* ion, it may be trapped around 
the ion with dissipating a small part of its 
energy to the lattice and then only the etis- 
sion at 425my takes place in a similar way 
as in the Greek band due to Tl* ion around 
which an exciton localizes. 

As mentioned before, the direct emission 
of Tl*+ ion below room temperature is found 
to be nearly temperature-independent. On the 
other hand, the emission in the Greek band 
seems to show a weak temperature-dependence 
in the case of high Tl*-ion concentration as 
shown in Fig. 6. This phenomenon may be 
caused by broadening effect of the tail of 
exciton absorption band with increase of tem- 
perature, that is by resulting decrease of the 
amount of absorption in the Greek band itself. 
As the intensity of the emission in the Greek 
band increases with annealing of the speci- 
men (See Fig. 7), it seems that the absorp- 
tion coefficient at the tail of the exciton 
absorption band decreases with annealing and 
eventually the amount of absorption in the 
_ Greek band increases, resulting the increases 
of the emission in the Greek band. According- 
ly, it is natural to consider that the above 
emission in the Greek band is temperature- 
_ independent below room temperature. 

On the other hand, the exciton-induced 
luminescence shows clearly temperature- 
dependence as seen in Fig. 6. Also in Apker 
and Taft’s experiment, the yield of the 
exciton-induced photoelectric effect at room 
temperature is so small as few tenths of that 
at liquid nitrogen temperature. As the emis- 
sion due to direct absorpton by Tl* ion shows 
no temperature-dependence, the cause of tem- 
perature-dependence of the exciton induced 
luminescence may be attributed to the process 
of interaction between the exciton and TIl* 
ion or the nature of the exciton itself. 


85. Exciton-induced Luminescence from D 
Impurity. 

Under irradiation of light in the first chara- 
cteristic absorption band the emission at 360~ 
380 my as well as the emission from Tl* ion 
was found as mentioned in §3. The peak of 


the former emission changes its position a 
little from specimen to specimen even in pure 
KI crystal. Because the original reagent of 
KI involves a little amount of Tl+ ion, the ex- 
citon-induced emission from Tl* ion deforms the 
shape of D emission at the longer wavelength 
side a little. As shown in Fig. 5 the excita- 
tion spectrum for D emission has a different 
shape from that for Tl* ion emission. At 
lower temperatures the height of maximum 
at the shorter wavelength (about 206 my) is 
higher than that at the longer wavelength 
(about 216my) in contrast with the case for 
Tl* ion emission. The height of the latter 
maximum depends on TI* ion concentration, 
and in the case of very high concentration 
the maximum disappears, being converted to 
a step. 

Considering these results, the distribution 
of D impurity may be different from that of 
Tl* ion which should be uniform in the 
crystal. The difference between relative in- 
tensities of D emission to Tl* ion emission in 
the wavelength regions of larger and smaller 
absorption coefficients may mean that D 
impurity localizes especially in the vicinity of 
of the surface of the crystal. The intensity 
of D emission shown in Fig. 3 indicates that 
the effective concentration of this impurity in 
the deep interior of the crystal is 10'°/cm* in 
the order of magnitude with reference to the 
intensity of the exciton-induced emission from 
Tl* ion. Therefore, we can hardly suppose 
the emission in question to be the emission of 
intrinsic type from the host KI crystal 
against the opinion by Teegarden’. Further- 
more, it is difficult in the usual theory of 
exciton to assume that the exciton gives rise 
to the emission suffered with such a large 
Stokes shift. 

The exciton-induced luminescence from D 
impurity is thermally quenched thoroughly 
at room temperature against that from TIt+ 
ion and the activation energy in this process 
is about 0.08eV. Thus the temperature- 
dependence of exciton-induced luminescence 
from D impurity is stronger than that from 
ARIE axoyal, 


§6. Conclusion. 

In order to confirm the nature of migration 
of exciton in a KI single crystal, details of 
luminescences from KI/T1 under excitation 
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The dichroic properties of Z bands and their correlation to that of the 
F band have been studied on NaCl:Sr and KCl:Sr single crystals. 

From the experiment on the anisotropic bleaching, the Z, center was 
found to be a center of high symmetry in agreement with the result of 
paramagnetic resonance experiment. The Z, band showed dichroism 
when irradiated with {010] polarized light in the Z or F' band at room 
temperature, accompanying the dichroism of opposite sign in the F' band. 
This is another example of the correlation in dichroism between two 
absorption bands as shown in the F'-M system which has been found by 
Van Doorn and Haven. It is, however, questionable to simply decide 
the symmetry of the Z, center from the dichroism mentioned above, 
because in the case of KCl:Sr its peak position is shifted to shorter 
wavelength than the normal Z, band. 


$1. Introduction nsible for the Z,, Zs. and Zs, and Cole and. 


Z bands in KCl and NaCl crystals contain. Friauf* for the Z, band (Fig. 1). The work 
ing divalent cation impurities have been studi- of Kawamura‘) et al on the electron spin 
ed by many authors. Pick? and Seitz? pro- 


: resonance of the Z; center suggested the high 
posed different models for the centers respo- 


symmetry of this center and provided a 
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powerful support for the Seitz’s model which 
is an electron trapped at a divalent cation at 
a normal cation site. On the other hand, 
Pick’s models of the Z; center should give 
some dichroism in [011i] direction, for it is an 
electron trapped at a divalent cation with a 
positive ion vacancy in the nearest cation site. 
West and Compton have measured the 
degree of polarization of the emission induced 
by the polarized Z: light excitation at 77°K 
in KCl: Sr crystal and concluded that the Z, 
center is of high symmetry. Thus, they 
supported the high symmetry model of Z: 
center proposed by Pick which is an electron 
trapped at a divalent cation. G. Chiarotti et 
al® tried the anisotropic bleaching with [010] 
polarized Z, light irradiation at dry ice tem- 
perature, but failed to find any dichroism 
after 25% bleaching of Z: band. Recently, 
however, Remaut et al” found small dichroism 
in the initial stage of the bleaching with 
[010] polarized Z2 light in NaCl: Sr. Thus, 
the experimental results for the Z2 band are 
very much complicated, moreover, Seitz’s 
model which is an electron trapped at a 
divalent cation’next*to a paired vacancy gives 
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an ambiguity for its symmetry. 

The present authors tried some experiments. 
on the dichroic properties of the Z; and Z» 
bands in more involving way to obtain a little 
more clear knowledge to the model of these 
centers and also to see whether or not any 
correlation in dichroism presents between 
these bands and the F band. 


§2. Experimental Procedure 


Single crystals of KCl: Sr were grown by 
the Kyropoulos method from the melt of KC] 
containing 0.lmole% SrCl.. The rate of 
withdrawal from the melt was about 1cm 
per hour, so the crystals are supposed to con- 
tain about 0.01mole% SrCl. The additive 
coloration was achieved by heating in potas- 
sium vapour at about 500°C for 3 hours. 
in a Pylex envelope and cooling slowly 
to room temperature. Immediately prior to 
an experiment a sample of about 0.1 cm thick 
cleaved from a colored block was wrapped in 
aluminium foil to prevent optical bleaching 
and heated at 400°C for 3 minutes, with 
subsequent quenching to room temperature. 
The crystal thus prepared showed the F band 
only. The Z; band was formed by irradiat- 
ing it with the light in the F band at room 
temperature. Besides, there appeared another 
band called Z, after prolonged F light irradia- 
tion. When the crystal containing F and Z; 
bands was heated to 110°C and then cooled 
slowly to room temperature, comparable 
amount of F and Z: bands were formed. 
The Z. band can also be formed by slow cool- 
ing from the temperature of additive colora- 
tion. We used here the Z, band formed in 
either way and got the same results. 

NaCl: Sr crystal was also grown from the 
melt of NaCl containing SrCl, of 0.1~0.03. 
mole% to give the various concentrations of 
Z. center. When such crystals were heated 
in sodium vapour at 600°C for 2 hours 
and quenched to room temperature in the 
dark, Z. and F bands appeared. The ratio 
of these bands can be controlled from the 
major F to the major Z, by the concentration 
of strontium in the virgin crystal. 

The optical absorption was measured as a 
function of wavelength with a _ recording 
spectrometer modified for the measurements 
at low temperature. In the irradiation of the 
crystal, light from a tungsten lamp or a super 
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high pressure mercury lamp through glass 
filters or a monochromator were used. In the 
experiment with polarized light, a polarized 
film and a nicol prism were used, and all the 
anisotropic optical bleaching was made at 
room temperrture unless otherwise stated. 


§3. Results 


F and Z, bands in KCl: Sr crystal convert to 
each other by the irradiation in the F or Z; 
band. The anisotropic bleaching with [010] 
or [011] polarized Z, band light in KCl: Sr 
crystal containing both F and Z; bands gives 
no dichroism at all in any band regions, and 
similar result is given in the bleaching with 
F band light, indicating either of F and Z, 
centers cannot be an origin of dichroism (see 
Fig. 2). On the other hand, in the crystal 
containing the F and Z» bands, the situation 
is striking; when such crystals are exposed 
to the irradiation of [010] polarized Zz» light, 
the Z. and F bands show dichroism whose 
signs at the peak positions are opposite with 
each other (Fig. 3A). This time, the Zs band 
increases at the expense of the F band even 
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Fig. 2A) Anisotropic irradiation of Z, band in KC1:Sr crystal containing Z, and F. 
Curve a—before irradiation, measured with [010] and [001] polarized light. Curve 
b—after [010] polarized Z, light irradiation at room temperature, measured with 
[010] and [001] polarized light. Measured at -150°C. 

Fig. 2B) Anisotropic irradiation of the F band in KCl:Sr crystal containing Z, and F. 
Curve a—before irradiation, measured with [010] and [001] polarized light. Curve 
b—after [010] polarized F light irradiation at room temperature, measured with | 
[010] and [001] polarized light. Measured at room temperature. 


under Z» light irradiation; in the irradiation 
with [010] polarized Z. light, the increase of 
Z, and the decrease of F in the absorption 
measured with the light polarized parallel to 
the irradiation light are less than those 
measured with the light perpendicular to the 
irradiation light. 
[010] polarized F light shows the dichroism 
in the F band and that of opposite sign in 
the Z. band, as shown in Fig. 3B. 
and 3B, the upper curves, which are termed 
the dichoroic spectrum, are the differences 
between absorptions measured with the pola- 
rized light parallel and perpendicular to the 
irradiation light. 
between the peak positions of the dichroic 
spectra and those of the absorption bands; 
the peak position of the F band region in the 
dichroic spectra is nearly equal to that of the 
F band, but the peak of the Z. band region 
seems to be considerably shorter than that of 
the Z, absorption band rather close to the Z; 
band. 


zed Z, light, the Z,; band reaches its satura- 
tion value, and the dichroism in the F and Z, 
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In Fig’s 3A 
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After prolonged irradiation of [010] polari- 
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Fig. 3A) Anisotropic irradiation of the Z, band in KC1:Sr crystal containing Z, and F. 


Curve a—before irradition, measured with [010] and [001] polarized light. 


After 


[010] polarized Z, light irradiation at room temperature, curve b—measured with [010] 


polarized light, curve c—measured with [001] polarized light. 


Measured at —150°C. 


Fig. 3B) Anisotropic irradiation of the F band in KC1:Sr crystal containing Z. and F. 


Curve a~before irradiation, measured with [010] and [001] polarized light. 


After 


[010] polarized F light irradiation at room temperature curve b—measured with [010] 


polarized light, curve c— 


band regions disappears. When [011] polari- 
zed light is used in place of [010] light as 
the bleaching light, to confirm the symmetry 
of the centers, there is no dichroism found in 
either of the Z. or F band. 

Our present results in KCl: Sr crystal 
seems to contradict with the experimental 
data concerning its symmetry reported up to 
the present, but these investigators carried 
out the bleaching and excitation of the samples 
at low temperatures. Thus the temperature 
effect on the dichroic properties has been 
In the bleaching with Z. light at 
—150°C, the Z, band is bleached at first as 
well as the F band, accompanying formation 
of the F’ and Z; bands, then it shows very 
rapid recovery to the initial curve even under 
continuous Z, light irradiation, thus the 
observation of dichroism becomes impossible. 
At dry ice temperature, though it is also di- 
fficult to measure because of its rapid recovery 
to the initial sbsorption curve. there is the 
same dichroism observed as at room tem- 


perature. 
NaCl: Sr crystal containing Z, and F bands 


measured with [001] polarized light. 


Measured at —150°C. 


shows the similar dichroic behaviour to that 
in KCl: Sr crystal for the irradiation with 
[010] polarized Z. light as shown in Fig. 4A. 
This time, both F and Zs bands bleach in the 
initial stage, then the F band appears to rise 
while the Z, band continues to decrease slowly. 
As the position of the Zs. band is very close 
to the Z, band which is suppcsed to ke 
formed after intense irradiation with Z, light, 
it is difficult to analyse the resultant absorp- 
tion curve into these two bands even in the 
low temperature measurement. Prolonged 
irradiation with this light removes the 
dichroism, producing new bands at the longer 
wavelength side of the Z, band and at the 
shorter wavelength side of the F band. The 
dichroism mentioned above is lost whithin 
several hours in the dark at room tempera- 
ture. A Similar experiment with [010] polari 
zed F light also shows the dichroism in the 
F band and that of opposite sign in the Z, 
band as shown in Fig. 4B. This case, 
however, the F band bleaches rapidly while 
the Z. band seems to bleach a little and the 
newly formed bands are the same as in the 
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Fig. 4A) Anisotropic irradiation of the Z, band in NaCl:Sr crystal containing Z, and 
F. Curve a—before irradiation, measured with [010] and [001] polarized light. 
After [010] polarized Z, light irradiation at room temperature, curve b—measured 


with [010] polarized light, curve c—measured with [001] polarized light. 


at -150°C. 
Fiff. 4B) 


Curve a-before irradition, measured with [010] and [001] polarized light. 


Measured 


Anisotropic irradiation of F band in NaCl:Sr crystal containing Z; and F. 


After 


[010] polarized F light irradiation at room temperature, curve b—measured with [010] 


polarized light, curve c—measured with [001] polarized light. 


<ase of the bleaching with Z. light. The 
peak positions of the dichroic spectrum in 
either case are not definitely determined 
because of their small amount and overlapp- 
ing due to the proximity of their wavelength, 
but the peak in the F band region lies at 
about the same wavelength as the F absorp- 
tion band and the peak in the Z; band region 
is nearly equal to that of the Z: absorption 
band. 

In this system [011] polarized light in the 
_Z, or F band dose not produce any dichroism 
in either band. Thus, these dichroic behavi- 
ours are very much alike to those in KCl: Sr 
system described above. 

The correlation in dichroism between the 
F and Z, bands is similar to that between 
the F and M bands which has been reported 
by Van Doorn®. Thus, we tried some experi- 
ments to examine the present phenomena 
from the view point of ‘‘ overlapping ’’ pro- 
posed by Van Doorn; if this hypothesis 
““overlapping’”’ is realized, the ratio of the 
amount of dichroism in the F and Z. band 
regions should be constant irrespective of the 
amount, and even of the methods of induc- 


Measured at —150°C. 


10 
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Fig. 5A) The ratio of the amount of dichroism 
in the F band to that in the Z, band in NaCl:Sr 
crystal as a function of the [010] polarized Z, 
light irradiation time. 

Fig. 5B) The ratio of the amount of dichroism 
in the F band to that in the Z, band in NaCl:Sr 
crystal as a function of the [010] polarized F 
light irradiation time. 
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ing dichroism in the center whose symmetry 
axis is along the [010] direction. Tg... 
‘shows this situation; at the initial part of 
bleaching, the ratio is larger than unity, but 
as the bleaching proceeds, it approaches to 
unity for the polarized F or Z, light irradia- 
‘tion. 


$4. Discussion 


That no dichroism was found in the crystal 
containing Z; and F bands, seems to be a 
nice agreement with the result obtained by the 
paramagnetic resonance experiment, supporting 
the high symmetry of Seitz’s model for this 
center. On the other hand, Pick’s model of Zi 
_.center should show some dichroism in the 
bleaching with [011] and also [010] polarized 
light, but the absence of it decreases the 
reliability of this model*. 

The model of the Z: center will be supposed 
to be the one whose symetry axis is along 
— <100> direction from the dichroism of this 

band described in the previous section, but 

the details of the dichroism obtained in the 
present experiment seem to be so complicated 
in KCl: Sr crystal that the symmetry of this 
center cannot be simply decided from it: (1) 
Z. light irradiation on the sample containing 
Z2 band shows an increase in the Z: band and 
a decrease of the F band, with a shift of 

both peaks to shorter wavelength side. (2) 
~The peak of the dichroic spectrum in the Z, 

band region shifts to shorter wavelength than 

the normal Z, band peak or rather to the Z: 
band peak. (3) The F light irradiation on 
the same sample also shows an increase in 
the Z, band with the same shifts of the peak 
as in the above case. The peak of the di- 
.chroism in the Z, band region induced by 
polarized F light irradiation also lies at the 
shorter wavelength side as shown in Fig. OB: 
(4) The prolonged irradiation with polarized 
Z» or F light causes decrease of the dichroism 
in the Z, and F band regions and finally dis- 
appearance in the both regions, still leaving 
‘considerable amount of absorption. From the 
fact described above, it appears that the di- 
chroism in the Z, band region is not due to 


* Recently, the present authors?) found that the 
symmetry of Z, center corresponds to the Pick’s 
model for Z, center. 
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the symmetry of the Z, center itself, but may 
be caused by some center which appears in 
the optical process under the irradiation of Zz 
or F light. 

In connection with the above speculation, it 
is interesting to note that there are several 
configurations similar to the Seitz’s model of 
the Z, center, one of which has optical dipole 
or dipoles oriented along the cubic axis. 

Thus in the present stages, we cannot con- 
clude any decisive model for the Z, center, 
but the Seitz’s model of this center seems to 
be the one which should be preserved for the 
present. 

It is serious that there is the same correla- 
tion in dichroism between the F and Z, band 
regions as that between the F and M bands. 
Though, it is difficult to proceed analysis 
quantitatively about this phenomena because 
of the very close position of the Z. band to 
the F band, we tried some experiments along 
the Van Doorn’s hypothesis ‘‘ overlapping ”’ 
as mentioned in the previous section. The 
fact that, as the anisotropic irradiation pro- 
ceeds, the ratio of the dichroism in F and Z, 
band regions approaches to unity irrespective 
of the amounts or the methods of inducing 
dichroism gives a support to the ‘‘ overlapp- 
ing’’ hypothesis, but the anomalous large 
values at the initial stages of the irradiation 
leave room for considerable doubt to it. 
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From the study of thermal bleaching of the #’, Mand R, bands in KCl 
crystals containing U centers, the behavior of the hydrogen molecules 


produced from U centers was examined. 


The hydrogen molecules do 


not react with F' centers but with M centers by bimolecular reaction and 
make M centers convert to U centers. 

Furthermore, thermal bleaching of the Z, and Z, bands in KCl crystals 
containing divalent cations was also investigated. The Z, and Z, bands 
are thermally unstable at temperature above 80°C, while they <re stable 
up to 110°C and 250°C, respectively, in the crystal containing no U 


centers. 


From these results, in KCl:Sr crystals it is supposed that Z, 


centers do not return to U centers but form unknown centers by combin- 


ing with the hydrogen molecules. 


Introduction 


ike 

The alkali halide crystals are colored with 
the introduction of the F band by the addi- 
tion of a stoichiometric excess of alkali metal, 
and the following phenomena have been well 
known. When KCl crystals containing F 
centers are illuminated at room temperature, 
with light absorbed in the F band (F light), 
the F band bleaches partially, while the M, 
Ri, R. and N bands appear on the longer 
wavelength side of the F band. These bands 
are stable in dark at room temperature. 

The model of the F center given by de 
Boer? as shown in Fig. 1 has been confirmed 
by many optical and paramagnetic resonance 
experiments». While, investigations on the 
dichroic property» of the M band suggest 
that it has a structure of non-cubic symmetry 
as shown in Fig. 1. Furthermore, it is in- 
ferred that if the M band grows, its second 
absorption band becomes to overlap the F 
band». Models of the other centers were 
given by Seitz as shown in Fig. 1, but they 
have not yet been confirmed exactly). 

On the other hand, it was previously found® 
that the F band converted from the U band 
is thermally stable at room temperature and 
it bleaches by the F light illumination, and 
the M, Ri, R2 and N bands appear as in the 
case of the additively colored pure crystal. 
However, the M band thus produced is 
thermally unstable at room temperature and 
bleaches completely. The F band bleaches 


partially too and its decrement in the optical 
density is nearly equal with that of the MW 
band. 

The so-called U band appears in the ultra- 
violet region when the additively colored 
crystal is heated in the atomosphere of the — 
hydrogen gas. Its absorption maximum lies. 
at A 216 my in KCl crystals at room tempera- 
ture. The model of the U center is tenta- 
tively considered by Hilsch and Pohl” to be: 
an H- ion occupying substitutionally the: 
negative ion site. When the crystals con- 
taining U centers (KCl1+U crystals) are illumi- 
nated with light in the U band (U light) at 
room temperature, the U band _ bleaches. 
partially and only the F band appears again 
photochemically. The other bands such as. 
M, R:, R, and N bands do not appear in the 
process of U->F conversion. The conversion 
mechanism was explained by Mott and 
Gurney® as follows. The excited state of 
the U center is metastable as a result of 
crossing of the crystalline Franck-Condon 
levels, and a hydrogen atom may escape 
from the center in the metastable state, leav- 
ing an F center. The hydrogen atoms. 
migrate through the crystal and combine im- 
mediately with each other to form the molecu- 
les, as indicated by the disappearance of the 
paramagnetic absorption”. However, there is. 
no information concerning the migration of 
the hydrogen molecules through the crystal. 

In the present paper, from the observation: 
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on thermal bleaching of the M band in 
KCl1+U crystals and its dependence on the 
concentration of the hydrogen molecules, it 
will be discussed how the hydrogen molecules 
behave in the crystal and how they interact 
with M centers. 

Furthermore, thermal bleaching of the Z, 
and Z, bands in KCI crystals containing di- 
valent ions was also investigated. These 
bands lying on the longer wavelength side of 
the # band were discovered by Pick’ in the 
additively colored crystals containing divalent 
ions. Models of the centers corresponding to 
these bands were proposed independently by 
Seitz and Pick as shown in Fig. 1. From the 
fact that the behavior of the Z: and Z, bands 
in the crystals containing U centers differ 


from that in the crystals containing no U 


centers, it will also be discussed how the 


hydrogen molecules react with Z, centers. 
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Fig. 1. The model of various color centers and 
vacancy clusters. 


§2. Experimental Procedures. 

KCl crystals obtained from Harshaw Chemi- 
cal Co. were additively colored with F# centers 
by the conventional method. The concentra- 
tion of F centers was about 3 x 10'*/c. c., which 
was determined optically by using well known 
Smakula’s equation, 

a 
(n’2+2)? 
Putting fr=0.81, n’=1.49 and Hr=0.35 ev. 
for KCl crystals, Eq. (1) is simplified as fol- 


< Am X Hy. (1) 


ne fr=1.31 x 10" x 
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lows: 
nr =1.09X10'* x (log Ip/Dr/d, . (2) 


where (log Jo/I)v is the optical density at the 
F band peak, and d is the thickness of the 
crystal in centimeter. 

The crystals colored with F centers were 
heated again at 500°C for 3 hours in a hydro- 
gen atmosphere of about 90 atmospheric pres- 
sure in a stainless steel tube of 1cm in thi- 
ckness. F centers in the crystals disappeared 
completely by this treatment and were con- 
verted to U centers. The number of U cen- 
ters was calculated by the equation 


nu =1.27 X 10° x (log Ip/D)a/d, (3) 


which was determined from the present work 
as described in the later section. (log Jo/Iv 
is the optical density at the U band peak. 

The hydrogen discharge tube, of which 
operation voltage and current were A.C. 
2000 volt and 1.6 ampere, respectively, was 
used for the illumination to generate F cen- 
ters from U centers. The crystals were il- 
luminated through the crystalline quartz 
window and through the air layer of about 
lcm in thickness, so that the wavelengths of 
light actually incident on the crystal were 
longer than 185my. “ The full light’’ used 
hereinafter means light in this spectral region. 
Spectral absorption measurements between 4 
200 my and 4 1200my were made with a Hi- 
tachi-spectrophotometer (Model EPU-2). The 
F light illuminations were made with the full 
light in the spectral region from 540 my to 
580 mz. 


§ 3. Experimental Results. 


3-1. Absorption spectra. 

Fig. 2 shows a sequence of absorption 
measurements performed on a specimen of 
KCI+U crystals at room temperature. Curve 
(A) shows the initial state of the crystal show- 
ing only the U band. Curve (B) shows the 
state after about 30 minutes’ illumination 
with ‘‘the full light’’. In this process only 
the F band appeared and it was thermally 
stable at room temperature. The crystal 
showing such absorption spectra is herein- 
after referred to as ‘‘ the crystal showing the 
Us EF. bands.”’....U) centers, were,,not scom: 
pletely converted to F centers by the further 
illumination. This may be due to the fact 
that F centers return to U centers by the 
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back reaction caused by the illumination 
with the visible light of the hydrogen di- 
scharge tube or by the destructive action of 
F centers due to the exciton’? created by 
light near 2 185my. By the F light illumina- 
tion on ‘‘ the crystal showing the U, F bands”’ 
the F band bleached partially and the M 
band appeared as shown by curve (C). (‘‘ The 
crystal showing the U, F, M bands’’). By a 
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Fig. 2 A sequence of the absorption measure- 
ments on a specimen of KCI+U crystals sub- 
ject to the illumination with U or F light at 
room temperature. 

Curve (A) The initial state 
U band. 

Curve (B) The state after 30 minutes’ illumina- 
tion with “the full light’’. In this 
process only the F' band appeared. 

Curve (C) and (D) Successive states of the illumi- 
nation with /’ light at room tempera- 
ture. The M, R, and R, bands ap- 
peared and they bleached completely 
with a prolong illumination. 


showing only the 


prolong illumination the F band bleached 
further, and the M band did also after reach- 
ing its maximum value and the R, and R, 
bands appeared as shown by curve (D). (‘‘ The 
crystal showing the U, F, M, R bands ’’). 
These bands in the visible region were 
thermally unstable at room temperature and 
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bleached completely for a long period of the — 
F light illumination and returned to the U || 
band. 


Ry 


The Oscillator strength of the U center | 
in KCI crystals. | 

The oscillator strength of the U center in | 
KCl crystals was determined as follows. As 
mentioned in section 3-1, during the process | 
of U-—-F conversion at room temperature, 
only the F band appears. Assuming, there- 
fore, that an F center is created from a U™ 


center we can put as follows, 

—Ano=Anr, (4) 
where —4nv and dur are the number of 
destroyed U centers and that of created f. 
centers, respectively. If we use Smakula’s 
equation for the calculation of the number oi 
U centers, it may be expressed by Eq. (1), 
with putting n’=1.66 and Hv=0.54eV. in 
KCl crystals at room temperature. Namely, 


nofo=1.19 x 10'* x (log Ipo/D)u/d, (5) 
where fv is the osillator strength of the U 


center. By using Eqs. (2), (4) and (5), fo can 
be determined by the equation: 
A(log Io/Du 
= 19 << 
ta A(log ole ’ se) 


where 4 (log Io/I)x and 4 (log Jo/I)r are the 
quantities of the changes of the optical 
density at the U and F band peaks, respecti- 
vely. Fig. 3 shows the relation between the 
increment of the / and the decrement of the 
U band peaks in the processes of U—F con- 


‘Sale >t 

-O5/— cnt 

-04>F A 
= | ° 
<= 
a 
0-03 ~ a 
° o.% 
° aks 
ial st 
NX 
~-02/F 

+O1 G) xo 

ear 
x 
(0) pls i ai" 1 edie 
{e) o4 02 O03 04 os O-6 


(ALogjolo 7/1) 


Fig. 3. The increment of the / and the decre- 
ment of the U band peaks in the process of 
U-F conversion by the illumination with ‘‘ the 
full light ’’ at room temperature. 
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version in several crystals containing different 
concentrations of U centers. Using this rela- 
tion fx was determined as 0.94+0.01. Tere- 
fore, the formula to determine the number of 
U centers can be written as Eq. (3). 


3-3. Optical bleaching of the F band in 
KCI+.U crystals at. —70°C. 
In order to examine wherther or not free 


_ electrons released from F centers react with 


the hydrogen molecules, the following experi- 
ment was carried out. When ‘the crystal 
showing the U, F bands”’ (curve A in Fig. 
4) was cooled to -70°C and illuminated with 
F light, the F band bleached rapidly and the 
fF’ band was formed. (Curve C). This fact 
is analogous to the case of the crystal con- 
taining no U centers™. However, the height 
of the U band did not increase. Furthermore, 
when the crystal was warmed to room tem- 
parature after the attainment of this state, 
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Fig. 4. Optical bleaching of the F band (at -70°C) 
converted from the U band in KCl crystals. 
Curve (A) The initial state after U—F' conver- 
sion by the illumination with *‘ the full 
light ’’ measured at room tempera- 

ture. 

Curve (B) The state after cooling the crystal of 
curve (A) to -70°C. 

‘Curve (C) The state after the illumination with 
F light at -70°C. Measurements were 
made at the same temperature. 

Curve (D) The state after warming the crystal 
of curve (C) to room temperature. 
Measurements were made at room 
temperature. 


jts absorption spectra (curve D) coincided with 
that (curve A) at the initial state. This fact 
shows that the change of the number of U 
and F centers in the crystal was not caused 
by the F light illumination at -70°C. 


3-4. Thermal bleaching of the F, M and R:z 


bands. 
As mentioned before, when “‘ the crystal 


showing the U, F, M bands”’ was kept in 


d--'- at room temperature, the F and M bands 
bieached thermally by nearly equal amount 
in the optical density. Curves (F) and (M) 
in Fig. 5 show the decrement of the optical 
density at the F and M band peaks of the 
crystal kept in dark at room temperature, 
and curve (U) shows the increment of the U 
band as a function of time. From the fact 
that the optical density changes are nearly 
equal in all bands, it may be considered that 
the hydrogen molecules react with F or M 
centers and make them convert to U centers. 
However, as mentioned in section 3-1, the F 
band in ‘‘ the crystal showing the U, F bands’’ 
is stable, so that it is supposed that the 
hydrogen molecules do not react with F cen- 
ters. On the other hand, we considered pre- 
viously® that the process might be explained 
as follows, using the Cx, model for M cen- 
Leia 


(1) Ao+M- Ay + V_+VsV- 
—U center+H+vacancy pair, 
(2) H+F -U center, 


where V_ and V+ are the negative and the 
positive ion vacancy, respectively. On that 
occasion, we did not consider the possibility 
of the existence of the second absorption 
band of the M center superposed on the F 
band and there was no information on the 
oscillator strength of the MW band. 

Now, from the determination of the oscil- 
lator strength’, it is possible to calculate the 
absolute number of destroyed M centers. 
The absolute number of increased U centers 
is also calculated ‘by Eq. (3). From these 
calculations, it was confirmed that both num- 
bers are nearly equal in the present case. 
Therefore, it is reasonable to consider that 
the hydrogen molecules react with // centers 
and make them convert to U centers and the 
partial bleaching of the F band is due to the 
disappearance of the second absorption band 
of the M center. From these considerations, 
it is inferred that the height and the half 
height width of the second absorption band 
of the MM center are nearly equal to that 
of the first M band (820my) and to that of 
the F band, respectively. However, for the 
definite conclusion, more detailed experiments 
will be necessary. 

When ‘‘the crystal showing the U, F, M, 
R bands’”’ was kept in dark at room tempera- 
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ture, the M, R: and R, bands bleached com- 
pletely and the F band did partially, and the U 
band recovered too, as shown in the lower figure 
of Fig. 5. From this result it is supposed 
that the hydrogen molecules migrate and react 
with R. centers too. However, in this case 
the transformation of R2 to M centers might 
partially cause the bleaching of the Rk, band, 
because the increment of the U band was 
much larger than the decrement of the M 
band. 


DECREMENT OF F &M BANDS ALosiIg/ I 
INCREMENT OF U BAND 4L0¢,o0lo/T 


INCREMENT OF U BAND 4LoeioIo/I 


DECREMENT OF F,R &M BANDS 


TIME 


(MIN.) 

Fig. 5. Thermal bleaching of the F and M bands 
and recovering of the U band in KCl1+U 
crystals kept in dark at room temperature. 
The lower figure shows the case in which the 
R, band exists together with the above bands. 


If the hydrogen molecules migrate through 
the crystal, as mentioned above, it is expect- 
ed that the bleaching rate of the M band will 
depend on the concentration of the hydrogen 
molecules. The following experiment was 
made in this consideration. A numbers of F 
centers were converted from U centers at 
23°C in a specimen of KCl+U crystals, of 
which thickness was 1.08mm. Then, by il- 
luminating the crystal with F light, the M 
band was grown with the optical density of 
0.2. The crystal was kept in dark and 
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thermal bleaching of the M band was mea- 
sured. Curve (1) in Fig. 6 shows the bleach- | 
ing curve of the M band (first stage). After’ | 
the complete bleaching of the M band, the’ 
crystal was again illuminated with F light so’ 
as to produce the M band under the same con- 

dition and with the same optical density as in 
the first stage. The crystal was then kept 
again in dark and thermal bleaching of the M 
band was measured (second stage) as shown 

by curve (2). Such treatments of the crystal 
for the third and fourth stages were repeated. 
as shown by curves (3) and (4), respectively. 
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Fig. 6. The dependence of the thermal bleaching” 
of the M band on the concentration of the 
hydrogen molecules in a specimen of KCl-+-U 
crystals. 


The fact that the bleaching rates of the MW 
band are smaller at the later stages is due to: 
the smaller concentrations of the hydrogen. 
molecules (NV (O);) at the later stages as tabu- 
lated in Table I. The hydrogen molecules. 
return to U centers during successive F light 
illumination, therefore, the concentrations of 
them are smaller at the later stages. Determi- 
nation of the concentration of the hydrogen: 
molecules will be described in section § 4. 


3-5. Thermal bleaching of the Z: and Zy 
bands. 

As mentioned above, the M and R:» bands. 
in KCI+U crystals bleach thermally. In con- 
nection with this, thermal bleaching of the Z% 
and Z, bands in KCl:Sr, KCl:C, and KCl: Ba 
crystals containing U centers (KC1:Sr-++U, 
KCl:Ca+U and KCl:Ba+U crystals) was also 
investigated. KCl:Sr, KCl:Ca and KCl:Ba 
crystals mean the KCl crystals containing 
halides of Sr, Ca and Ba of about one mol. 
percent. In these crystals the U band was in- 
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| troduced by the same manner as in the case 
of the pure crystal. The peak position and 
? the half height width of the U band in these 


crystals were identical with those of the pure 


¢erystal. Fig. 7 (A), (B) and (C) show the 


absorption measurements on KCI:Sr+U, 


1 


) 


KClI:Ca+U and KCI:Ba+U crystals, respecti- 


_ vely. All measurements were made at liquid 


air temperature. Curves (a) in the figures 


show the absorption spectra of the crystals 


KCLSr+U 
(A) 


Losio In /1 


A, (mL) 


fig. 7. Thermal bleaching of the Z, and Z 
bands in KCl:Sr, KCl:Ca and KCl1:Ba crystals 
containing U centers. All measurements were 
made at -193°C. 

Curves (a) The initial state showing only the U 

band. 
Curves (b) The state after the illumination with 
“the full light ’’ at room temperature. 

Curves (c) The state after warming the crystals 
to 80°C for 30 minutes in dark, fol- 
lowing curves (b). 
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showing only the U band. By the illumina- 
tion with ‘‘the full light’’, the U band blea- 
ched partially, and two or three absorption 
bands appeared in the visible region. (Curves 
b). They are ascribed to the F, Z and Z 
bands. When KCl:Sr+U crystals were 
warmed up to 80°C and kept in dark for 30 
minutes at 80°C, the Z, band almost disap- 
peared and the F band slightly did as shown 
by curve (c) in Fig. 7 (A). In the case of 
KCl:Ca+U crystals the Z, band almost dis- 
appeared too, but the F band was enhanced 
a little. (Curve c in Fig. 7 (B)). However, 
in both cases the U band did not recover so 
much in spite of much decreasing of the 
absorption area in the visible region. In the 
case of KCl:Ba+U crystals, on the other 
hand, the Z: and Z, bands were converted to 
the F band, but the U band did not recover 
as shown in Fig. 7 (C). 
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Fig. 8. The growth and the thermal bleaching of 
the Z, and Z, bands in KC1:Ba crystals contain- 
ing U centers. 

Curve (a) The same state as in curve (c) in 

Fiz..7 (©). 

Curve (b) The state after the # light illumina- 

tion at room temperature. 

Curve (c) The state after warming the crystals 

of curve (c) up to 80°C. 


Furthermore, when KCl:Ba+U crystals 
were illuminated with F light at room tem- 
perature after the attainment of the state cor- 
responding to curve (c) in Fig:°7 (C), the 2 
and Z, bands appeared again as shown by 
curve (b) in Fig. 8. By warming the crystals 
up to 80°C these bands bleached and returned 
again to the / band as shown by curve (c) in 
Fig. 8. The behavior of the 7% and Z, bands 
differs from that of the crystals containing no 
U centers™. Namely, when the latter crystlas 
are illuminated with F light at room tempera- 
ture, only the Z band appears, and the Ly 
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react with M centers by the bimolecular reac- ! 
tion expressed by Eq. (9). ! 

As shown in Fig. 6, the bleaching curves of | 
the M band are expressed by nearly straight 1 
lines in all cases. Then, in the next place it | 
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band appears by warming the crystals at 
temperature near 110°C. Furthermore, the Z: 
and Z bands are thermally stable at tempera- 
tures up to 110°C and 250°C, respectively. 


§4. Discussion and Conclusion. 

It is generally considered that when KCI+ U 
crystals are illuminated with U light at room 
temperature, the hydrogen atoms released 
from U centers combine immediately with 
each other to form the molecules. From the 
present results conc-rning thermal bleaching 
of the W and Z, bands it is concluded that 
the hydrogen molecules migrate through the 
crystal, because these bands in the crystal 
containing no U centers are stable. 

From the result shown in Fig. 6 it will be 
considered how the hydrogen molecules react 
with .W centers. If a hydrogen molecule 
reacts with an center as soon as the former 
collides with the latter, the reaction rate may 
be given by the equation, 


=a- nti: NOi=a-ndi-(nOita), (7) 
where a@ is the reaction constant, and n(f); 
and Nia:, (¢=1, 2, 3, 4) are the concentrations 
of M centers and the hydrogen molecules 
after ¢ sec’s reaction at i-th stage of the M 
band bleaching, respectively. ai is the concen- 
tration of the hydrogen molecules remaining 
after the finish of all reactions at 7-th stage. 
From Eq. (7), n@i is given by the equation 
N@in(O): , 

NO) 
where 7\O); and MO); are the initial concen- 
trations of M centers and the hydrogen mo- 
lecules at 7z-th stage, respectively. In the 
present case it may be put as NM O)i=n(O); 
and Nit):~NO):, because the concentration of 
the hydrogen molecules is much ijarger than 
that of M centers. Therefore, Eq. (8) may be 
expressed as follows, 


n(t)=n(O)se-2* ,¢, 


log n(f);=log n(O)—saa-NO)et, 
Therefore, if the bleaching curves of the M 
band plotted on logarithmic scale are the strai- 
ght lines and the slopes (a;) are expressed by 
1 

= 23° a-NO)i, 
tion constant (a) is the same in all curves, it 
1ay be supposed that the hydrogen molecules 


—&(N(O).—2 (0) .)t 
t toys 


nD:= (8) 


(9) 


in other words, if the reac- 


is shown that the reaction constant (@) obtain- | 
ed by normalizing a: by NO); is nearly equall | 


in all curves. 
The slope (a:) of each curve in Fig. 6 is re- 
presented by the equation 


a LO (M(O)i/n i) 


t 
a 1 ie (log iad dal), (10) 
t (log To[D) au (bi 


where (log Jo/I)u(O): and (log Jo/J)u(¢): are the | 


optical densities at the M band peak at the 
initial and after ¢ sec’s bleaching of the @ 
band at each curve, respectively. By using 
the values of (log Jo/Da(O):, which are 0.200+ 
0.005 in all curves, and the values of (log 
Jo/Du(t):; at each 7-th stage shown in Fig. 6, 
a@;’s were obtained as tabulated in Table I. 


Table I. 
i 1 Z 3 4 
2.3xa,; | 4.40 3.04 2.41 1.51 x 10-*/sec. 
N(O); ies 0.91 0.77 0 -535cI GS kere: 
Qa Sh25 3.34 Sa bs} 


mean value of a (3.15+0.20) x 10-7/sec. 


On the other hand, it may be reasonable to 
consider that the concentration of the hydro- 
gen molecules MO); is a half of that of F 
centers at the initial state in each stage, be- 
cause a hydrogen molecule is created by the 
destruction of two U centers and the creation 
of two corresponding F centers. Then, by 
measuring the height of the F band, MO),’s 
were obtained as tabulated in Table 1. From 
the values of ai’s and N(O);’s in Table 1, @ 
was obtained as (3.15+0.20) x 10-*'/sec., as the 
mean value. The values of a are nearly equal 
in all cases within the experimental error of 
about 5%. Namely, as mentioned above, it 
may be concluded that the hydrogen molecules 
react with MM centers by the bimolecular reac- 
tion expressed by Eq. (9). 

The hydrogen molecules might exist much 
near the crystal surface illuminated with ‘‘ the 
full light’. However, in the present case it 


is assumed that they are uniformly distributed © 


| 


2.85 x 10-*!/sec. | 
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_ Over the crystal, by the following reason. 
“The full light’’ contains light near 2 185 my. 

_ While the absorption coefficients of KCI+U 
crystals are comparatively small in the spe- 
ctral region near 4185my. ‘Therefore, the 
light can well penetrate into the crystal, and 
moreover, it makes the conversion of U to F 
centers with quantum yield of nearly unity™. 
Therefore, it may be considered that the 
hydrogen molecules are uniformly distributed. 

According to Pick’, the Z; and Z, bands 
in KCl:Sr crystals are stable at temperatures 
above near 110°C and 250°C, respectively. 

' However, the behavior of these bands in the 

crystals containing U centers differs from 

that in the above crystals on the following 
points. 

(1) The Z, band in KCl:Sr+ U and KCl:Ca+ 
L crystals was unstable at 80°C, and in spite 
of the bleaching of the Z, band, the U, F and 
_ Z, bands were not enhanced. 

(2) The Z, band appeared by the F light 
illumination upon KC1:Ba+ U crystals showing 
the U and F bands and it was unstable at tem- 
perature even near 80°C. In the present case 
the Z; and Z; bands were converted to the F 
band, but the U band did not recover. 

From the fact (1), it is supposed that % 
centers do not return to U or F centers but 
form unknown centers, because the absorption 
intensity on the shorter wavelength side of the 
U band was slightly enhanced. This fact may 
be explained by the character of the model of 

the Z, center shown in Fig. 1, which can not 
form the U center even if it traps a hydrogen 
molecule. 

From the results concerning optical bleach- 
ing of the F band at -70°C, it will be sup- 
posed that the free electrons released from Vi 
centers do not play any role in the conversion 
of the hydrogen molecules to U centers. 

- From the results mentioned above it may 
be concluded that the hydrogen molecules in- 
teract only with complex centers such as M, 
R, or Z, centers, but they can not interact 
with F centers at least near room tempera- 
ture. These centers except for the Z center 
consist of the electron and the vacancy cluster, 
and form comparatively large holes in the 
crystal. Therefore, it will be supposed that 
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the hydrogen molecules may easily be trapped 
by these large holes. 

The hydrogen molecules may be trapped 
more stably at the vacancy cluster such as 
vacancy pair or quartet, which form large 
holes in the crystal too. However, any absorp- 
tion band corresponding to such trapping was 
not observed even in the crystals which were 
considered to contain a large number of vaca- 
ncies. 

The author wishes to express his cordial 
thanks to Prof. Masayasu Ueta for constant 
encouragement and valuable advice through- 
out the present work. 
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This paper deals with the hydromagnetic flow of an electrically con- 
ducting fluid due to an oscillating flat plate of perfect conductor in the 
presence of transverse magnetic field. Exact solutions for arbitrary 
values of R (the Reynolds number), Rm (the magnetic Reynolds number) 
and § (the magnetic pressure number) are first derived and then some 
special cases are discussed corresponding to limiting values of the para- 
meters S and R,» in order to clarify the hydromagnetic effect, and 
especially an interesting special case corresponding to the ‘ magnetic 
Stokes approximation’ is discussed in some detail. 

Next, the drag on the plate is calculated for both cases of non- 


conducting plate and perfectly conducting plate. 
cases, the amplitudes of the total drag (shear-stress+ Maxwell’s 
always increase and the initial phases of the total drag are 
retarded for any values of R, Rm and S compared with those 
well-known classical case, i.e., the case of no magnetic field 


It is found that, in both 
stress) 
always 
of the 
and/or 


electrical conductivity of the fluid being zero. 


Introduction 


§1. 


In a previous paper’, the present writer 
investigated the effect of magnetic field upon 
the flow of a conducting fluid due to an oscil- 
lating flat plate of non-conductor, and obtained 
exact solutions for the modified Navier-Stokes 
and Maxwell’s equations. 

In this paper, we attempt to extend the 
problem to the case of the flow due to an 
oscillating plate of perfect conductor. It is 
found that exact solutions of magnetohydro- 
dynamical equations can also be obtained in 
this case. A principal difference between 
the results obtained in the previous and the 
present work is that in the latter case the 
“sheet current’ flows at the boundary be- 
tween the fluid and the plate, and H-;, the 
component of the induced magnetic field along 
the plate, jumps discontinuously from a finite 
value in the fluid to zero in the plate, where- 
as in the former no sheet current flows and 
there occurs no abrupt change in the magnetic 
field at the boundary. 

These solutions, obtained in the previous 
and the present papers, may give a bright 
prospect for studies of the boundary-layer 
flow. The problems of the boundary-layer 
flow are generally much complicated even if 
the ‘boundary-layer approximation’ is intro- 
duced, and exact solutions cannot be obtained 


except a few fortunate cases. Moreover, 
there is a clear dualism of the viscous bound- 
ary-layer and the magnetic boundary-layer 
characterized respectively by the parameters 
R and Rn, so that the ordinary boundary- 
layer approximation used in classical hydro- 
dynamics is not generally applicable to the 
magnetohydrodynamical cases unless some 
modifications are made. Fundamental ques- 
tions in the problem of magnetohydrodynami- 
cal boundary-layer flow such as this dualism 
may be clarified in these simple but exact 
solutions obtained in the previous and the 
present papers. 

The general solutions for arbitrary values of 
S, R and Rm are first derived and then some 
special cases are discussed corresponding to 
limiting values of the parameters S and Rn 
in order to clarify the hydromagnetic effect. 

Next, the drag experienced by the plate is 
calculated in some detail for both cases of 
non-conducting plate and perfectly conducting 
plate. It is found that, in both cases, the 
amplitudes of the total drag (shear-stress+ 
Maxwell’s stress) always increase for any 
values of S, R and Rm by the hydromagnetic 
effect compared with that of the well-known 
classical case. For non-conducting plate, the 
shear-stress itself increases and Maxwell’s 
stress is identically zero, whereas in the case 
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of perfectly conducting plate, the shear-stress 
decreases compared with that of the classical 
case but there appears Maxwell’s stress ex- 
ceeding this reduction in shear-stress, so that 
the net increase in total drag also results. 
In this context, it is also found that, in both 
cases, the initial phases of the total drag are 
always retarded for any values of S, R and 
Rm compared with that of the classical case. 

Finally, we discuss an interesting special 
case corresponding to the ‘magnetic Stokes 
approximation (Rm<1, SRm=O(1))’, which is 
frequently used in magnetohydrodynamics. 
It is shown that the approximate velocity 
distributions of the same problem obtained by 
Ong and Nicholls? on the basis of Rossow’s 
assumption® (neglect of the induced magnetic 
field) can be derived as a limiting case of our 
solutions by putting Rm—-0 and SRm»=O(1). 
The case of ‘the magnetic field being fixed 
to the fluid’ corresponds to the case of our 
non-conducting plate, and the case of ‘the 
magnetic field being fixed to the plate’ cor- 
responds to the case of our perfectly conduct- 
ing plate. Thus we may assert that Rossow’s 
assumption is permissible only for the cases 
of small magnetic Reynolds number with large 
magnetic pressure number. Furthermore, it 


_ is also found that their respective considera- 


tions of the fundamental equations for the 
cases of the magnetic field being fixed ‘to 
the fluid’ or ‘to the plate’ may become un- 
necessary by including the electric field # in 
the analysis as in our paper, and the differ- 
ence between their respective fundamental! 
equations may be replaced simply by the dif- 
ference of the boundary conditions expressing 
the physical properties of the plate. 


§2. Analysis and Solutions for Perfect 
Conducting Plate 

The fundamental equations for the velocity 
of the fluid, v, and the intensity of the mag- 
netic field, H, are derived from the modified 
Navier-Stokes equations of motion and Max- 
well’s electromagnetic equations. As usual, 
assuming Ohm’s law to be valid, we have 
the following dynamical equation and induc- 


tion equation for v and H: 


oe +(v-grad)v 


eg § on 4+ —“ (curl Hx MH), (2.1) 
3 grad p+yp Org ( 


OH 
op CULOXH) +H, — (2..2)t 


with the equations of continuity for the ve- 
locity and the magnetic fields: 

divvu=0, (2.3) 

div H=0 , (2.4) 
where p is the pressure, p the density of the 
fluid, » and y (=1/(4zyo)) the kinematic and 
the magnetic viscosity of the fluid respective- 
ly, and uw and o are the permeability and the 
electrical conductivity of the fluid respective- 
ly. The electromagnetic units of system have 
been used throughout the present paper. 

In the present problem, we take the coordi- 
nate origin O at an arbitrary point on the 
oscillating plate, which is assumed here to be 
a perfect conductor and to have the same 
permeability as that of the fluid, and use 
Cartesian coordinates x, y and z with the 
axes Ox and Oy along and perpendicular to 
the plate respectively, and assume that 

(1) the flow is parallel to the plate, that 
is, v=vu(u, 0, 0); 

(2) the magnetic field imposed is uniform 
and perpendicular to the plate, so that in the 
region considered, H=H(H;, Hy, 0); 

(3) all quantities are functions of the 
space coordinate y and time f¢f only. 

The fundamental equations of our problem 
then become 


A ae cigs Bie tae 
rae 2)=0, | (2.6) 
FE yO ag CEE 2.7) 


while the equation of continuity for the ve- 
locity field (2.3) is automatically satisfied by 
the above assumptions. 

The boundary donditions for the velocity 
field are exactly the same as those in classical 
hydrodynamics, that is, on the oscillating plate 
the velocity of the fluid coincides with that 
of the plate, and at far distances from the 
plate uw tends to zero asymptotically. Thus 


we have 


+ Details for the derivation of Eqs. (2.1) and (2.2) 
are given in Reference 1. 
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50: tee u—-0, (2.9) 
where U and o denote respectively the ve- 
locity amplitude and the angular frequency 
of the oscillating plate. 

The boundary conditions for the magnetic 
field may be obtained as follows. Since the 
velocity tends to zero asymptotically at a 
great distance from the plate, no interaction 
exists there. Hence the magnetic field tends 
to the applied field Hy) as y>oo. Thus we 
have the following conditions for large y: 


Hig > Hels tattle 0 <f'2.10) 


At the plate, on the other hand, the normal 
component of the magnetic field‘ and the 
tangential component of the electric field E 
should be continuous. Hence we have 


Bee) 2 


yoo: 


= iiledern 


The former implies that the normal component 
of the magnetic field is continuous to the ap- 
plied field Ho, while the latter is derived by 
requesting the continuity of the tangential 
component of the electric field. Because, if 
J denotes the electric current density, we have 

zz curl H=o(E+yuxH), (2.12) 


from which we obtain ‘ 


Applying this equation to y=0, and remem- 
bering that the conductivity of the plate is 
infinite, we have 


— pA ouplate , 


and 


a LA Uplate 5 
y=—0 


Equating the left-hand sides of the above two 
equations, we arrive at the conclusion: 
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Our problem is now to determine the four 
unknowns u, H;, Hy and p from Eqs. (2.5)~ 
(2.8) subject to the boundary conditions (2.9), 
(2.10) and (2.11). 

Now, remembering the boundary conditions 
for Hy, we can easily solve Eq. (2.8) and ob- 
tain 


Ay,=F , (2.13) 


which can also be derived from Eq. (2.4) to- 
gether with the assumption (3). If the pres- 
sure at infinity is p., it follows immediately 
from Eq. (2.6) that 


ptHaH2= pals (2.14) 
87 

which shows the balance between the fluid 
pressure and the ‘ magnetic pressure’ in the 
flow field, since Hy is uniform throughout the 
whole flow field as has been just shown above. 
Introducing (2.13) into (2.5) and (2.7) and 
eliminating H; between them we have 


((--B\o2 2) fo 


“ay? Ot \" ay? at 
(2.15) 
where k=H.?/(4z0), which represents the 
square of the characteristic velocity of 
‘ Alfvén’s magnetohydrodynamic wave.’ 


02 


Oy? 


If 
we eliminate « instead of Hz we have an 
equation for H; similar to (2.15). Eq. (2.15) 
and the similar equation for Hz may be inter- 
preted as generalized equations for ‘ Alfvén’s 
magnetohydrodynamic wave’ with finite dif- 
fusivities » and 7». 

A formal solution of Eq. (2.15) is given as 
follows: 


u= Se! Ae + Be + Cex" + De] , 


(2.16) 
where A, B, C and D are constants of integ- 
ration, which depend on the parameter «x, 
and symbol S, denotes the summation or in- 
tegration over all possible values of «. The 


0 deg any Gi complex decaying factors 241 and A: are given 
as 
(R+«v+ney) + {(k+ev +4)? —4yyn?}i/2 


i=] 


+ Strictly speaking, 


2un 


Re(A1,2) ne (2.17) 


1/2 
Has: 


we should request the continuity of the normal component of the magnetic 


induction instead of the magnetic field itself, but we have assumed that the permeability of the plate 


is effectively the same as that of the fluid, that is, 


non-magnetic. This assumption is not very restrictive and may be easily removed 


both of the fluid and the plate are assumed to be 
if necessary. 
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plus and minus signs corresponding to A: and d2 respectively. This convention will also be 
used hereafter. 


By virtue of the boundary condition at infinity for u, we have A=C=0. On the other 
hand, the boundary condition on the plate for « requires that 


K=10 and B+D=U. (2.18) 
Thus we have 
u(y, t)=e"[Be-19 + De2"] , (2.19) 
with 
Ai a=| tio’ +1) = (ht iow +) +4yn0%}/? ie (2.20) 
L 2vn 
Inserting (2.19) into (2.5) we have 
eG pie he are Goo : (2.21) 
Oy k 
Integrating (2.21) with respect to y and remembering that Hz—0 as yoo, we have 
EO) ee etl (Bois Bene + ( —vis Deer (2.22) 
k A Ro 
The boundary condition on the plate for Hz requires that 
(jo—vd?)B+(o—vi2?)D=0 . (2.23) 
Solving (2.18) and (2.23) for B and D, we obtain 
__ to—va.? Se AO Aa (2.24) 


ie An) A A 


Insertion of B and D thus determined into (2.19) and (2.22) yields the solutions for # and Hz: 


_ WAP Hiw)(vAP=10) 77 sot l are Dies Hesy | 2.95) 
she v(Ar? — Az?) ue var —io od visterd 1 volih oe’ 
and 
1s (var?—iw) (vas? —10) H. wash e719 — agral (2.26 
a hyde de") ; ai - . 


Since curl H=47j, we have 


du , Jy=9 ’ 


L , 2.27) 
; =a. (WAP iw)(vAP—10) Fy Uelt[e-Av — ea] ( 
PAU ids AB ten uti 
With the aid of Ohm’s law: j=o(E+uvx H), we have 
[D5 ’ by=0 9 
io) (2.28) 
iw(var2?—iw)(va2® —iw) rok yt anal eer: dete IPMS GPS | 
EY, i ry eRe, pH, Ue Le e7*1y 72° Pl 


The above (2.25)~(2.28) together with (2.13) and (2.14) are the general solutions of the 
which should be compared with those of the case of non-conducting plate 


nt problem, : Ses 
Sepa and with that of the classical case: u=Ue'-Vie/y ¥, 


(see (3.11)~(3.14) of Reference 1) 
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It will be seen that all quantities consist of 
two different oscillations whose complex de- 
caying factors are 41, 42; Re (A:,2) and Im (A1,2) 
respectively representing the decaying factors 
and the wave numbers of the oscillations. 
Since H,=Ho, the fundamental equations (2.5) 
~(2.8) are all linear, so that we can make 
up more general solutions by superimposing 
several oscillations of different amplitudes and 
different angular frequencies. 

It should be noted here that Hz jumps dis- 
continuously at y=+0. This is the very dif- 
ferent point from the case of non-conducting 
plate. This discontinuity of Hz implies that 
there flows the sheet current /; at the bound- 


j=tim || (G-a8) 
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ary. js may be evaluated by integrating v= 
curl H/(4z) in the domain of a thin rectangle 
with unit width and thickness 4/ spanning 
over the boundary between the fluid and the 
plate (see Fig. 1), and by letting 4/ tend to 
infinitesimal after integration, that is, 


(Fluid) 


unit length 


(Piate) 


Sketch of domain to evaluate sheet current. 


Riga: 


it S\N, (curl H-dS) 


Al0 Ar 


— ~ lim $ (H-dce) (by the use of Stokes’ theorem) 


410 


za i | He( —5) + Heal HS ie Hl | 


Ar Al0 
70 
=- 3-H) 


Arkh di + d2) 


_ (Ab =ta)(vA2? ia) H,Uett 
0 3 


(2.29) 


§ 3. Non-dimensional Forms of the Solutions and their Behaviours in Some Special Cases 


Now we proceed to discuss the solutions in non-dimensional forms, and in order to clarify 
the hydromagnetic effect we shall discuss the behaviours of the solutions in some special 
cases corresponding to various limiting values of the parameters S and Rn. 

We define the following three characteristic parameters: 


the Reynolds number: R=U2/(vo) , 
the magnetic Reynolds number: Rna=U2?/(qo) , (3.1) 
the magnetic pressure number: S=yH,?/(4x0U”) , 
by introducing non-dimensional quantities with asterisk as follows: 
u=Uu* , p= 0U*p*, 
Ure 
i? BN Te) H=H)H*, E=pH.UE* , 
1 (3.2) 
sie. hs J=ouHyUj* 


) 
ALa=T Ata ‘ Jr Hodes 
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It is to be noted here that the Hartmann number M frequently used in the analysis of prob- 
lems in magnetohydrodynamics is equal to 1/SRR,, in our notations. 


Using the non-dimensional quantities defined above, we have the solutions i in non-dimensional 
forms as follows: 


u*¥=— ——— 
a a2 2 *2 Ave —iR 227 {R 

Ht — AiR —iR) I 
SRO? —A;*) iS 


*2_ 7 *2_ 7 
(Ai iR)(A2 2 iR) a. i Cane il ony | 5 


Can — i ——— g-Anty* 
A* : 


_ Ai —iR\(A*—iR) 
SRRmn(Av*?—As*2) 
fo UP SR 1 eh Ae 
SRA? —2,*) a ae jars FE Lies t 
p*=—SHe+ p.*, 
Jt — A= iR)Ae*-iR) 
4nSRA*A*( Aba) © ‘ 


et [e-Ar*9* — @-Agty"] . (3.3) 


with 


2 -| SER a tHE Re) {(SRRat Hit Ra)? HAR Ra) 
1,2 2 cs 


, 


(3.4) 


It is worthwhile to notice that R and Rn are contained symmetrically in the complex decay- 
ing factors 4*,. This shows that the dualism of the viscous and the magnetic boundary- 
layers is exactly symmetric with respect to R and Rm in this problem. 

Now we consider the behaviours of the solutions corresponding to limiting values of the 
parameters S and Rm. Since R and Hm are contained symmetrically in A*,, we discuss the 
cases of limiting values of S and Rm instead of those of S, R and Rm. In the following 
discussions only the first dominant terms are retained in each case. 


(1) S<1, R=O(), Rn=O(). 
In this case, if R>Rn, 


AtmayAR (Ie Se) you a VFR, (Ieper atl @.5) 
Hence Gm ~ ee, so that 
a ne en cae ee ee ees 
pst Beg evr 1 se), 
jaa le ere a); (3.6) 
' EF~ fhe eel ea — ema | : 


kw (1-1) /RRm eit 
"A/S nO/ RAV Re) 


In the limit of S—0, w* reverts to the classical results: w*=e'"—viz” as expected. The 
first terms of each quantity (excepting js*) would be appreciable in the domain of 
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y*<O0(1/{/R ), which shows a similar character to the viscous boundary-layer, whereas the 
second terms would be appreciable in the domain of y*SO(/// Rn), which shows a similar 
character to the magnetic boundary-layer, although the domain of O(1/\/R) or of O1/\/ Rn) 
is not necessarily so small as to be called ‘ boundary-layer,’ since we here consider the case 
of R=OG) and Ra—O)- 

If R<Rn, Ai* takes the place of 42* in (3.5) and vice versa. Since, however, 4:* and 4:* 
are contained symmetrically in w*, Hz*, j-*, E.* and J;*, the final expressions of (3.6) remain 
unaltered. 


(2) S%1, R=O(1), Rn=O(1). 
In this case, 
hh ts foe Gee ; R+Rmn ) 
ae AS ie Sale Dk ee ‘ 
As V/SRRn(1+ ml) a ae? a 2SRRn_ 


(a —iRY AIR) 


so that 1 iR. Hence we have 
uUx~ iRe™| 1 es % SRE Yo a e-/ vs u* ] . 
SRRm ie 
Zz tek if ao ak of ai ; eS 0 qy* 
Het~ ee] =! e-VSREm +4 S FAUT S OLE) 
SM EI Ve 
ja* Ps U e'*[e- VSRRm ¥*—e-t VS “u*| F (3.7) 
m 
Ek ~ —— et| <0 + Sev Sit | 
S SRR 
1 
* = it® 
~ F= EC 
Js 4nV S 


Thus the first terms of each quantity (excepting /s*) decay rapidly with increasing y* and 
are vanishingly small except the vicinity of the plate. The thickness of this thin layer is of 
OW/\/SRR,, ) which depends on both of R and Rn, so that we may interpret this layer as 
a ‘mixed boundary-layer.’ Outside this layer become dominant the second terms which 
represent the oscillations whose phase velocity is the same as that of Alfvén’s magnetohydro: 
dynamic wave. Since the most dominant term of the decaying factor of the second terms 
is purely imaginary, the second terms decay very slowly. 


Co) oh le Oo SO =O: 
Since 
Ai*~ViR (1- 5 SR) and A2* ~ViRmn (+ Sn ) - 


(A:**—1R)(A2**—iR) 


es ~—SRRm. Hence we have in this case 
ALE ear Ae 


: il 
Kw SRRin a 
7s . | SRRn 


H* ~ Rm eee e7 vin yt — ae e~ ‘am | : 


ire ~ ei le- Ving —e- ViRmY"| ; 


1 ee | 
te K = BS 
e- vik’ — —e ViR mY , 


(3.8) 
EA~ Rene") e. Viz — i ec ‘ara | ’ 
Je ~PoDV Rn gitt 

A/V 2x 
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General character of the solutions is similar to that in case (1), and in the limit of Rn-0, 
u* reverts to the classical result. A different point from the case (1) is that the second terms 
of each quantity (excepting Js*) decrease more slowly than the first terms. This may imply 


that the thickness of the “magnetic boundary-layer’ becomes too large to say ‘ boundary- 
layer’ owing to the smallness of Rn. 


Mt) het, S=O00), R=00), 
In this case 


eS SRz R = SR7 ) 
ir F Ao* >, i = = 
AS ~V Rul SR +i) y(ut TGS and T= doastis V3 SR+i\ 2Rn(SR+iP 
(21%? —iR)(A2*? —iR) SR 
so that -— eel es Ua Hence we have 
yen RY pit 1 e-VRy(SR+O) ¥* — WSR+2) e7*VR/(SR+%) u* ] F 
SR+i Rn(SR +7) Si 
ey eee iR 1 ———. g—- ¥ Rin (SR+4) hia Rete —tVR/(SR+i) = 
ue SR+i aa bye RinliSR+i) 
nye. tae it*| e—V Rm(SR+t) ¥*— et VR/(SR+O) 0" : (3.9) 
ee SR ica: 
1 : “4 Slt hy “| 
Be Le DOE a Tee) e-*VR/(SR+i) ¥ : 
= ear Eroes io 
I*~ Malt [VVY1+S2:R? +SR —i/V1+S:R? — SR le. 


4/2 rV14+S?R? 


As in the case (2), the first terms of each quantity (excepting Je) decrease rapidly and the 
second terms become dominant in the region of y*=O(1/\/R,, ). The thin layer of 
OU/\/R, ) may be regarded as the magnetic boundary-layer. Because this layer is principally 
characterized by Rm (1) although the decaying factor of the first terms, // Rn(SR Fi) ; 
contains both R and Rm. In the limit of Rn, both of the first terms of u* and H,* 
‘vanish and hence u* « H,*, which is a reflection of the so-called ‘ frozen’ effect. 


$4. Drag Experienced by the Plate 
In this section we shall calculate the drags experienced by the plate for both cases of non- 
conducting plate and perfectly conducting plate, and compare them with that of the classical 


case. 
The total drag on the plate generally consists of the shear-stress, 7, and Maxwell’s stress, 


tm, which are given respectively by the following formulae: 


Ou 
c7=Re( o ay ‘> : 
and > (4.1) 


Cini Re (jn HoH) 
4 


y=0 
For proceeding calculations, it is convenient to define the drag coefficients with reference to 
pvw, that is 

ty*=t;/(ovo) , Tm*=Tm/(ova) : (4.2) 


Now we consider the following three cases, (1) the classical case, (2) the case of non- 
conducting plate, and (3) the case of perfectly conducting plate. 
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(1) The classical case. 
As is well known, there is, of course, no Maxwell’s stress in this case, so that the total | 


drag is identical with the shear-stress, Ty itself. Thus we have 
ty =—Re (V/ire* 
= 7) sin (t* +60) ’ (4.3) i 


where 


T=VR ’ (4.4) 
tan Oo.=—1 (0o=—7/4) . (4.5) 


(2) The case of non-conducting plate. 
As shown in Reference 1), Maxwell’s stress is identically zero in this case. Therefore, 
the only contribution to the total drag is the shear stress, Ty which is given byt 


y= -Re 5 VE (Ar*+22*) a | 


=T; sin (*+A) , (4.6) 
with 
4 VR 2 2]1/2 
N= EP EV Ra (ate? O-ed PIV? 3 (4.7) 
tend BE fet Sore) (4.8) 
b+d : 7 
and 
a=Re (A1*) ’ b=Im (A1*) ’ é=Kke (A2*) ’ d=Im (A2*) ant (4.9) 


(3) The case of perfectly conducting plate. 
In this case, both of the shear-stress, TH, and Maxwell’s stress, t,*, contribute to the total 
drag. They are given by 


of=—Re iVR (VR +V Rn) e] 


Ave + A2* 
=T?: sin (¢(*+42) , (4.10) 
with 
T2=VR(VR +V Rn Mate? +(o+d)}72 , (4.11) 
ats Dzkd. 
tan i NE (—72/2<02<0) , (4.12) 
and 


t In Reference 1), the shear-stress, Ty is given in dimensional form as 


T= Re [- Ov vate 4 


Ayaovttw 
tt Explicit expressions for a, b, c and d are given as follows: 
a 1 
i = (SR Rm ta)t+(R+ Rm +B} & (SRR + a)Be, 
Cc 1 
: l= [{((SRRm—a)?+(R+Rn—B)}42 + (SRRm—a)}'/2 , 


where 


a 1 
6 f=[ g (USR*Rn—(R— Ra 4 4S*RR RA Ryd! (S*RER —(R-Rn)?)} |” 
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Pon SRY RR noise 
Tm =—R Teer e" | 
= kin sin (£* + On) ’ (4.13) 
with 
. 
) Tm=SRYRRp, (atc)? +(b+dy}/ , (4.14) 
) Oe 
tan tae ea (8K Ons —Fi/2) : (4.15) 
| The total drag is then given by 
| Cae 
= Tom sin (£* + om) 3 (4.16) 
where 
| SOR? Rmt+G/R VR, Ve? 
[ee ON ON a 
5 VR (atc? +(b+d) | ino 


+e)SR1/ R,, +(b- j2 opm 
tan O24m= —GFOSRY Rn +O+d VR +V Rw) (—2<624m<0) . (4.18) 


(atc(V R +V Rm )—(b+d)SRV Rn 


Table I. Amplitudes of drags versus magnetic 
pressure numbers. 


I Rake Ry=l ie ae : 

a ae 0 1 1 0 1 
: a shi pun 0.1 | 1.0008 | 0.9997 | 0.05856 | 1.0014 
Ot ))-gt 1 0 1 0.5 | 1.0073 0.9928 | 0.2908 | 1.0345 
0.1 1.0002 | 0.9998 | 0.04999 | 1.0011 1 1.0282 | 0.9726 | 0.5697 | 1.1271 
0.5 1.0039 | 0.9961 | 0.2490 | 1.0268 2 | 1.1013 | 0.9080 | 1.0638 | 1.3986 
1 1.0153 | 0.9850 | 0.4925 | 1.1012 5 1.4092 0.7096 2.0784 | 2.1962 
2 1.0574 | 0.9457 | 0.9457 | 1.3375 10 1.8906 0.5289 | 3.0985 | 3.1433 
5 | 1.2652 | 0.7904 | 1.9759 | 2.1282 20 2.6335 0.3797 | 4.4487 | 4.4649 
10 1.6409 | 0.6094 | 3.0471 | 3.1074 100 5.8591 0.1707 | 9.9979 | 9.9993 
20 2.2581 | 0.4429 | 4.4285 | 4.4506 o | © 0 > 
100 5.0015 | 0.1999 | 9.9970 | 9.9999 ~~ 
co is 9 a fe Now, by tedious but elementary calculations 


it is shown for any values of the parameters 
Si drand 7A7,¥ that 
S | T1 T> Tn | To+m Byes 


0. 1 1 0 1 (equal sign holds when SRm=0), (4.19) 
0.1 | 1.0001 | 0.9999 | 0.04142 | 1.0008 which shows that the drag amplitude in the 
0.5 1.0018 | 0.9982 | 0.2067 | 1.0194 case of non-conducting plate always increases 
1 1.0073 | 0.9928 | 0.4112 | 1.0746 in comparison with that of the classical case. 
2 1.0282 | 0.9726 | 0.8057 1.2629 Comparing (4.7) with (4.11), we can see im- 
5 1.1478 0.8712 1.8043 2.0036 mediately that 72 is exactly inverse to 7; 
10 1.4092 0.7096 | 2.9393 3.0238 except the classical factor 7/R. Thus we 
20 1.8906 0.5289 4.3819 4.4137 may conclude that 

100 4.1456 Up NG eS t Here and hereafter we exclude the trivial case 


co oo 9 Ge cn of R=0. 
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(equal sign holds when SRhm= Ome 4.20) 


which shows that the amplitude of the shear- 
stress in the case of perfectly conducting 
plate always decreases in comparison with 
that of the classical case. 

By elementary calculations similar to those 
for obtaining (4.19), we can easily show for 
any values of S, R and Rm that 


T24+m = fei ze To 


(equal signs hold when SRn=0), (4.21) 


which shows that the amplitude of the total 
drag in the case of perfectly conducting plate 
is always greater than that of the case of 
non-conducting plate, and hence we may con- 
clude that irrespective of whether the plate 
is non-conductor or perfect conductor, the 
amplitude of the total drag experienced by 
the plate always increases compared with that 
of the classical case. Numerical values of 
the drag for various values of S are tabulated 
in Table I and are shown graphically inF ig. 2. 

On the other hand, it is easily shown for 


(atco)SRV Rn +(b6+d\V/ R+V Rn) 


Tsunehiko KAKUTANI 


GG 
a 


any values of S, R and Rm that 


OT 1 10 5 10 


Fig. 2. Amplitudes of drags versus magnetic 
pressure number. 


alk (equal signs hold when SRn=0), 


(atc\Y R+V Rn )—(6+d)SRV Rin 


so that we have 
—7/2<0,.5—n/4 , 
—7/4<60:<0, 
— 32/45 On<—z/2 , 
—32/4< beim S —7/4 , 
B24m S61 SO(=—z/4) <r , 


(equal signs hold when SRm=0), (4.23) 


which imply that the initial phases of the 
total drags, @: (non-conducting plate) and 241m 
(perfectly conducting plate), are always re- 
tarded in comparison with that of the classical 
case. It is to be noted, however, that the 
initial phase of the shear-stress in the case 
of perfectly conducting plate, 82, always pro- 
ceeds compared with that of the classical 


case. Noting that tan 0:=cot 62=—tan 0m and 
remembering (4.23), we have 
1:+62:=—7/2 , 
Ot Om=—7,, (4.24) 
O2—Om=r/2 . 


ora = 


(4.22) 


37/4 


Fig. 3. Initial phases of drags versus magnetic 
pressure number. 


Several numerical values of the initial phases 
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versus S are tabulated in Table II and are 
shown graphically in Fig. 3. It is found from Teg | Pegs 0b 
Fig. 3 that when R=1 and Rn=0.5, 021m be- S 64 Dy ola ee een 
comes —7/2 at about S=6.2 and makes shal- | : 
low minimum at about S=10 then tends again 0 ene : Neohiay = esas eers s 
to —z/2 as S becomes larger. This is due 0.1 | —0.794. | —0.777..| 
the fact that 3 ; —0.77 —2.348 —0.818 
ie ass 0.5 | —0.828 | —0.743 —2.314 —(0.947 
G+OV RAV Re )=O+d)SRY.R,. 1. \| =0.871 |} —0.700 | —2:272. | —1.098 
becomes zero for R=1, Rn=0.5 and S=6.2.t 2 | —0.951 | —0.620 | —2.191 | —1.312 
In the special cases corresponding to limit- 5 | —1.140. | —0.431 .| —2.002 .| —1.552 
ing values of S and Rn, the amplitudes and (6.3 | —1.198 | —0.373 | —1.945 | —1.579) 
the initial phases of the drags become as 10 | —1.307 | —0.264 | —1.835 | —1.598 
follows. 20 | =1.429 | —0.141 | —1,7139' |0—1..593 
100 = 154255 0-0291 jo 601 la Herb 
Table II. Initial phases of drags versus magnetic ef fd -3 0 '(—1.571 | —1.571 
pressure numbers. —1/2) 7 {233} Noa) 
I. R=1, Rn=1 Il. R=1) Rye=2 
S 61° | 02 Om O2+m S | 64 | 62 Om | O24+m 
A ates '(—0.7854 hee Bs ‘ (aes ee ak ee 
(—n/4)  |((—n/4) \(—3n/4) | (—2/4) (\C—n/4) (—n/4) [LC — 3/4) | (—2/4) 
0.1 —0.798 —0.773 | —2.344 | —0.823 0. 1 30280304 = 0.4768) 2 sonal =O. 820 
0.5 —0.848 0,723. 2204. —0.968 ORS: —0.871 | —0.700 | =D2Re | —0.985 
il —0.908 —0.663 | —2.234 | Silt Pay 1 1 —0).951) = 0,620 —2.191 —1.150 
z. —1.017 —0.554 | —2.125 1,339 Z, —1.086 | —0.485 —2.056 | —1.349 
5 | —1.234 | —0.337 | —1.908' | —1.534 5 | —1.307 | —0.264 | —1.835 | —1.506 
10 —1.381 —0.190 —1.761 | —1.564 10 —1.429 —0.142 —1.713 | 1.544 
20 —1.471 —(.0987 | —1.671.° /=1.570 20 —1.498 | —0.0723 | —1.644 ' —1.558 
100 —1.551 | —0.0200 ; —1.591 | —1.5706 100 | —1.556 | —0.0146 | 12586 8) |= 1569 
S15 |: a4 frase (fee . ramet a tarsi alee 
ii {(32) vi i(—n/2)  |\(—2/2) (—n/2) (U(—n/2) —n/2) 
=) S<1, R=O00), Rn=O(). 
ie Silke | SRRn | 
a _ an tan 01 ~ Mee re =, | 
H VR{1+ AVR +V Rn x (VR +V Rn )? 
pe S?R2R im? | SRRn | 
Ri Wh Me Rot Lol |. os game bee ees 
Ti~VR E A R +V Rm | ; (VR +V Rn )? 
SRV RRn tie ~[14 _SRRm__ | (4.25) 
hg — > ——— m i 2 > * 
Mn ARAiWaRs (VR +V Rn) 
i SRR ( 2R al 
Tren ~V/R| 1+ 40/R +V Rn )! ae (NAH (epee ft | 2 


SRRn 


~— — ——— 1+ 
tan Jo4m & WR 47 Be "4 


(2) S>1, R=O(1), Rn=O(1). 


7a) | 


is rather complicated to write down explicitly. 


+ General relationship between S, R and Rn which makes (a+ce)(YWR+Y Rn)—(Ot+d)SRyY R,, zero 
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~Ry/s| Rs] 2SRRm 
3 RVs oR ST ad tan@i~—(V R +V Rn)?’ 
~ [VE] _WE+V Ra)! 
T? V al WR ? tan 0 2SRRin ? 
s 2SRRm 

Tint S Z tan Om (JR +V Rn F (4.26) | 
2SRRm  (R_—Ra#0 or R—Rn®O(S-) 
Rn—R 

T2im~RY S ; tan 024m ™~ 2S? FR? 


~ + R—Rn~O a 
16+S?R(Rm—R) \ Oe! 


— S?R3/8 (R—Rmn=0 or R—Rm<OW~)) 


It will be seen that the amplitude of the total drag in the case of perfectly conducting plate, 
T2:m, iS essentially equal to that of Maxwell’s stress, Tm, and that the initial phases (1, 0» 
and @2:m are nearly equal to —z/2 and @2 is nearly equal to zero. When R=Rrm, tan 021:m= 
O(S?) so that 024m tends to —z/2 more rapidly with increasing S for R=R»m than otherwise. 
and when R>Rm, tan O241n>0 so that 024m tends to —z/2 from smaller values than —7z/2Z 
with increasing S, while otherwise 924m tends to —z/2 from larger values than —7z/2 (see 
Higes3). 


(3) Ra<1, S=O(1), R=O(). 


Lond jit = S?Rn? | tan @:1~ —[1+SRn] , 
Te~V/R| 1- - SR! | ? tan 62~—[1—SR~»] ) 

Z sf (4.27) 
Pu SRR [1 4 eat tan Om ~[1+SRnl , 


Tot ~VR E aP = SRR» | , tan O24m~ — [1 +2SYRRm | 4 


(4) Rna>1, S=OW), R=Od). 


ae 7 @2 D2 2 
Ti~ VR [L+S?*R 4 , tan 0; ~ | Cee 
| oe V14+S°:R? —SR |’ 
PictiZ Rane: See engl ~ | odes Se EX 
V14+S?R? +SR ; 


(4.28) 


Tncs SRR ESR | — — a =~ Pees +SR ii : 
VI+SR? =SR |” 
Tim ~V R [1 aD eal te ? tan Boim “iia ae LES +SR et 
V 1+S?R? —SR 
It is to be noted that all of the amplitudes and the corresponding initial phases do not | 
depend on Rm in this limit. It is also interesting to notice that the total drags in both cases 


of non-conducting plate and perfectly donducting plate are essentially identical with each | 
other in this case. 


§5. A Special Case Corresponding to ‘Magnetic Stokes Approximation ’ 


It may be worthwhile to discuss a special case corresponding to the so-called ‘ magnetic 
Stokes approximation” (Rm<1, SRn=O(1)) which is frequently used in many investigations 
of magnetohydrodynamics. 


In the limit of Rn<1 and SR,»=O(1), we have from (3.4) 
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At ~\/ RR Fi) | 1+ 28 Re Ce) 
V R(SR FD a 24SRnt+i)?\ R / |’ (9.1) 
irom the a ISRin likin ; 
i ~1/ RelfSRaF i) I~ wor Fal R )] 


We shall consider first the case of non-conducting plate, and next the case of perfectly con- 
_ ducting plate. 


(1) The case of non-conducting plate. 
From (4.3)~(4.6) of Reference 1), we have 


tn eee ot | Ro Ret T i) @-VR(SR_ th Y* ae V Rel SRE D 4 rmgromerT 


V R(SRn +i) SRRin 
— efV@-VR(SRy tt) Y* (as Rn- 0) : 
R in Arr fro aE 20 
A*§ ~—S 2 1 [@-VRUSRm +1) ¥* — e-tV Rm, mrt m 
eV RSET see ht a 
LPR, ’ 1 a . i a cence a nM (5.2) 
EkK~ eee: hee — —VR(SRm +t) U* —tVRp/(SRm tt) v* 
VR(GRn+i) iB eccsess att are cmapoaiens. Kanai 
OW Ra) 
Jok~ tne eae 5 0'| VER ae) E-VRUSRiy Fi) U7 _ Rn CV Rin] SR tO) ¥* 
V R(SRn+ 1) it SRnti 
— Con VR(SRm +t) ¥* (as Vers ()) B 


Taking the real part of the expression for u*, we have 


Re [u*] =e-" cos (¢*—by*) , ‘ 


where 


a=RelYR(SRnti) | -|4 (V1+ S?Rn? +x) |" : (5.3) 
b= Im [ [/R(SRin+7) | -| 4 (V1 tno Lene —SRm) |" 


This is exactly the same, excepting the notations, as the approximate velocity distribution 
obtained by Ong and Nicholls”) on the basis of Rossow’s assumption” (neglect of the induced 
magnetic field) for the case of ‘the magnetic field being fixed to the fluid’ (see Eq. (5) of 
Reference 2)). The other quantities such as H.*, E.* that are neglected in their analysis 
vanish in the limit of Rn—0 as shown in (5.2). Therefore, their approximate solution for 
the case of the magnetic field being fixed to the fluid may be adequate for the case of non- 
‘conducting plate when Rn» is very small and SRn=O(d). 
The drag in this case is given by 


t From Reference 1) 


* (Ar? —1R)(a2"? — 1) ion AM I ES eo At ee | 
(4.3) ‘ian (Ay )(Arag* + ER) ape AR” Re—ik , 
(Ai*?—7R)(A2** —1B) ett*[e—Ar*y* — @—Antyt] 
SR(Ay*—A2*)(Ar*Ao* +i R) ’ 
p i(Ar*? —1R)(A2*? — 1h) al 1 en Arty* i eat | 
45) B= SRA aa at ER) La io 


(4.4) Ht=— 


: cers 
gt STORES 4 : TB ate stet— astem st") . 
m\AL~ — 42 12 


(4.6) 


1 
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th ~ VR (L+S*Rm?)/4 sin +41) , | 

where (5.4) | 
V 14+S?Rm? +SRm ie 

V1+S?Rin? —SRmn : 


tan 0; ~ | 


(2) The case of perfectly conducting plate. 
In this case, making use of (5.1), we have from (3.6) 


x — 2SRRn_ oe e-VRSRmth) + Slee e-tVRm/(SEm +?) 2] 
iR ; 


Siem t SRRm 
eRe gel o-VRGSEg FH Pete eV aT RRO, 
5 aay eee | 7 REE i) “e Rn 
OU Rn )> 
R ; 1 pe a imo Sign en oe ‘| 
iw SS — g-VR(SRm +t) 1 + ——™ 9-1 V Rin /(SRm +h) Y 5.5) 
_ SRm+i Seren i) . Res ‘ ( 
_5 —¢it-t/Ep/SEmtO" ~~ (aS Rm 0), 
od _ lt" g-VR(SRm +0) ¥* —g-tV R/S Rm tO VY , 
ss Rare ‘“ | 


Jem oy spicy OO OW Re) 


If Rm is so small as to make 1/ R,, y*<1 even for fairly large values of y*, say y;*, we 
may put e-tRm/(S8m+0 ™* ~1 for the region of y*<y,*. Then the real part of the expression 
for u* gives 

Cane 


[cos (t*—by*)—SRm sin (t*—by*)] a ois 


Re ea ou 14S2 Rie? 


[SRm cos t*+sin t*], ~ (5.6) 


which is exactly identical, excepting the notations, with the approximate solution obtained 
by Ong and Nicholls?) for the case of ‘the magnetic field being fixed to the plate’ (see Eq. 
(10) of Reference 2)). It should be noted here that (5.6) is valid only for the region of 
y* SF, and the smaller the magnetic Reyeolds number Rm becomes, the wider becomes the 
region of the validity of (5.6). Thus the magnetic Stokes approximation may be useful to 
obtain the velocity field in the region comparatively near the plate in this case. The induced 
magnetic field H.* neglected by Ong and Nicholls”) tends to zero as the order of 1/R,, , and 
Ee (~—e'") corresponds to the additional term ‘—mu.cos zt’ in the second term of left- 
hand side of Eq. (6) of Reference 2). 


The drags in this case are given as 


shear-stress: TH~V RLS? Rn?) sin ¢*+82) , 


tan 0, ~ — | VAS Rel —SRa |" . 
V 1+S?Rn? +SRm 


Maxwell’s stress: TK ~ SRY Rm 1+S?Rm?)-/* sin E*¥+6m) , 
andes [ V1+S?*Rn® +SRn he ; (5.7) 
Va 1 +S? Rin —SRm 
total drag: Tom ~ ORV Rm A+S?Rm?)-/4 sin E*+ 624m) , 


V 1+S'*ReY = SRe 


- netic field is fixed ‘to the fluid’ or 
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As will be seen from (5.7), the total drag is 
essentially equal to Maxwell’s stress, which 
implies that the contribution from the shear- 
stress to the total drag is negligible compared 
with that from Maxwell’s stress. Further- 
more, noting that SRn=O(1), we shall find 
that the amplitudes of Maxwell’s stress and 
the total drag tend to infinity as the order of 
O(1/1/ Rn). Thus, when the plate is a per- 
fect conductor, the magnetic Stokes approxi- 
mation is not adequate to obtain the drag on 
the plate. The state of affairs is quite similar 
to that in Rossow’s solutions®) for the hydro- 
magnetic boundary-layer flow past a flat plate 
and the hydromagnetic Rayleigh’s problem in 
the case of ‘the magnetic field being fixed 
to the plate’ in which case the drag due to 
Maxwell’s stress does also diverge. 

From the above discussions we may assert 
that Rossow’s assumption, i.e., neglect of the 
induced magnetic field, is valid only for the 
cases of small magnetic Reynolds number Rn 
with large magnetic pressure number S, 
namely, his assumption is permissible only 
for the cases such that the magnetic Stokes 
approximation is valid. Moreover, it has been 
found that the respective considerations of the 
fundamental equations according as the mag- 
“to the 
plate’ are not necessary if the electric field 
E is included in the analysis as is done in 
this paper. If one include # in the analysis, 
the difference between the respective funda- 
mental equations may be replaced simply by 
that of the boundary conditions expressing 
the physical properties of the plate, and the 
physical meaning of ‘ the magnetic field being 
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fixed to the fluid or to the plate’ may now 
be clarified. 


§6. Concluding Remarks 


We have obtained the exact solutions for 
the hydromagnetic flow of an electrically con- 
ducting fluid due to an oscillating flat plate 
under transverse magnetic field for two cases 
in which the plate is a mon-conductor (see 
Reference 1) and a perfect conductor. Com- 
bining these two kinds of solutions we may 
infer, at least, qualitative characters of more 
general cases of the plate having a finite 
electrical conductivity. 

The restriction that the magnetic field is 
applied transversely to the plate may be easily 
relaxed, and we may extend the problem to 
the case of the oblique magnetic field so far 
as it has no z-component, because x-component 
of the applied magnetic field would not inter- 
act with the flow field. 

The writer wishes to express his cordial 
thanks to Professor S. Tomotika for his con- 
tinual encouragement and kind inspection of 
the manuscript. The writer’s thanks are also 
due to Professor I. Imai for his helpful ad- 
vices. During the course of this study, the 
writer has been in receipt of a grant-in-aid 
for the fundamental scientific research from 
the Ministry of Education. 


References 


1) T. Kakutani: J. Phys. Soc. Japan 13 (1958) 
1504. 

2) R. S. Ong and J. A. Nicholls: 
26 (1959) 314. 


3) V. J. Rossow: 


J. Aero. Sci. 


NACA TN-3971 (1957). 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 7, JULY, 1960 


Steady Temperature Field in a Composite Doubly Infinite Strip 


By Vaclav VopICKA 
Plzen, Czechoslovakia 
(Received March 3, 1960) 


The present paper extends the classical results on two-dimensional 
stationary temperature distribution in an infinite plate to the case of a 
composite strip. General deductions are applied to some special cases 
leading partly to new results not given in the literature. 


81. Statement of the Problem 
The doubly infinite strip 


KX QO = OGY < noon —o<Z<+o 
consists of 7 homogeneous isotropic layers 
GPS Pa ORO LY foo, — 20 << eee OP Ren 


with thermal conductivities 2;, respectively. 

The question is about the steady temperature distribution in the solid provided that its 
front face x=x» is maintained at the given temperature f(y) and its back face x=xn at g(y). 
Assumed is the continuity both of the temperature and of the flux of heat over the surfaces 
of separation between several layers of the body. 

Mathematically speaking one has to find the solution “.=wux(x, y) of the harmonic equations 


Or Ux OrUux 
Ox? Oy? 


=()P, Sg i << nee! eli <eaMoors 1<k<n (1.1) 


with the following conditions: 


u(t, N=f(y), —e<y<+oo (1.2) 
Unrr(Xk,y V)=Un(Xx, VY) —o<y<+too 
OuK+1 Our Ae (1.3) 
er = ae . D Ans ve 
Ox a? I= oe - ocy<+oo, anlage 1<k<n-1 
Unlxn, J=E(y), —e<y<too, (1.4) 


§2. The Fourier Transforms of 1(x, y) 


Making usual assumptions the familiar transformation 


hn)=Flh(y)1= Ja\ aly) em dy 


h(y)=F[h@)] = Ja\ Fo et dn 


co 


co 


(2.1) 


changes our problem (1.1)-(1.4) into the following equations for determining the Fourier 
transforms i:=a(x, 7) of the required functions w(x, y): 


Pik _ ee 
ie HUe=0.,  Xe1<K<x%e, Lek<n (2.2) 
its(X0, 2) =f) (2.3) 
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Ux+1(Xk, 0) =tx(Xe, 7) 


dits: _—, dix rae (Zea) 
de mee - X=Xxk l<k<n-l 
Un(Xn, 0) = (9) . (2.5) 


Integrating (2.2) gives generally 
Ux(x, 2) = Ax ch y(x—xe-:) +Bz sh Y(X—Xe-1) , l<k<n (2.6) 


whereby the coefficients Az=Ax(y), Bi=Bx(y) are to be determined from the conditions (2.3)- 
(2.5), i.e. from the equations 


Ai=f(7) > Ay, ch Inn + Bnsh Inq =e (7) ; In=Xn—Xn-1 (2.7) 
Axrii=Ax ch kky+ Bx sh lin (2.8) 
Besi=A(Axshhn+Bechhy), le=xe—xe-1, 1<k<n-1. 
Introducing the matrices 
Ax = ch ln sh len / 
-: She ~ , behenet 2.9 
eT eh | i chiay Acch fink pe tecss ay 
the Eq. (2.8) can be written in the form 
Ki+i=Miy) Kx 5 ii <k<n-1 
which gives, with regard to the first formula (2.7), 
Gea | f oa > Qxlq)=Min) Mei) «+» Mi), = 1<k<n-1. (2.10) 
1 


Now the last of the Eq. (2.10) yields 
An= Gra) fl +S 2x@)Bi, — Br=Gn-rCa) fm) + an) Bi , 


G2? (”), r,s=1,2, being the elements of Qn-:(y). Combining this with the second condition 


(2.7) gives the value of B: in terms of 7, namely 


Bi) =a hI = gee ei Tag (ZO FeMlaseACn) ch n+ a0) she} 
Qn-1\0 n n-1 n 


and one comes to the following expressions for the coefficients Ax, Bx: 


A:=fn) ».. b= lf ZO4E@)) 4 


~ Nn) 
fi] BL o| MP |+ze|} |} ste am 


N(q)=¢92.(n) ch Ing +929) sh lng, Zn) =G=1(n) ch Ing + Gn“A(7) sh In; 


f(m), Z() are the Fourier transforms of the functions f(y), g(y). 


§3. Solution of the Problem (1.1)-(1.4) . uA | 
Calculating the coefficients Ar=Axdm), Be= Bx) from (2.11) and inserting into (2.6) gives 
the Fourier transforms a(x, 7) of the required functions ux(x,y). From this one obtains the 


solution of our problem by (2.1) in the form 
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1 


Ux(X, d=, [Ag ch y(x—xe-1)+Be sh y(x—ae-1)] er dy, = LSk<n. 


Looking at (2.11) shows how the problem in question can be treated as split in two simpler 
cases letting see the influence of each of the given functions f(y), g(%); separately. The 
usual difficulty lies in that it is very hard to establish a closed formula for the matrices. 


Q:(7) as defined in (2.10). 


§4. The First Matrices Q:(7) 


Intending to prepare the possibility of treating explicitly at least the cases with the small- 
est values of 2, we write down the expressions of the matrices Q:(7), @2(y) and Qs(7): 


sh lin 
ch Lin 


sh (itds)y 
ch (/1+d2)9 
Og 
sh (it+ls)y, 


ch 17, 


Qi(y)= sh li, 


|+-0 


ch (1 +/e)y, 
sh (i+ 2), 


= (As—1) 


Qoln)= 


ch (1 +/.+/s)y, 
sh (1 +/2+/s)y, 


h lin sh (le+1s)7, 
i me SNA 177 
RCo) sh li7 ch (2 +]s)y, 


sh (/1+2)9 sh lsy, 
sh (1+d2)y ch sy, 


0 , 


Qs) = 


+-(Ap—1) 


+(A;—1) 


+(A,;—1)(A2—1) ch hen 


+(A2—1)(4s—1) ch in| 


he Apt ch (a+iny| 


+(A,—1)(A2—1)(43—1) ch lon ch Is9 


These formulae show clearly the merits of the main difficulties arising at treating problems. 
They give us a much more detailed insight into the inner structure 
of such questions than has been given in numerous former papers of the author—see ref. 1-3. 


on composite continua. 


$5. A Homogeneous Plate 


As a first example let us treat the elementary case 4;,=4,= 


Vaclav VODICKA 


al A | 
sh lin, 


| +(4.-0 


chi: +12)9 


sh (1 +/2+/s)7 
ch (di +l2+1s)y 


sh Zitle+ls)n, ch ditle+/s) 


sh 1:7 sh Is, 
sh lin ch /sy, 


| 0 
sh (i+2)y, 


sh Lin, 


(Vol. 15, 


(3.1) | 


ch lin 


sh lin sh Jo, 
sh lin ch lon, 


ch lin sh 27 
ch lin ch ley 


+ 


ia, cht 
sh 117, chlin 


| 4(Ay—1)(4e—1) ch ley 


| + 
ch lin sh (lo+ls)9 
ch iy ch (Jo +]s)9 


ch (1 +/2)9 sh 1s 
ch (1 +/2)7 ch lsy 


0 


I+ 
+ 


ch lin sh lsy 
ch lin ch ls 
, 0 

ch (i +e) + 
OBR 0 + 


chlin 
[strat canal 
shiiy, chiiy | 


I+ 


(4.1) 


+++ =A, 1=1 corresponding 


to a homogeneous isotropic strip %»<*<4%n, -w<y<to, —w<z<+00, 
The matrices Q:(7) can be expressed in closed form 


_ || ch @—xo)y, 
eae | sh (xx—X0)7, 


and the formulae (2.11) give 


Nin)=sh (%n—%0)7 , 


sh (X~—X0) 
ch (XE —X0)7 


Z(7) =ch (Xn—X0)9 


(5.1) 


re 1<k<n-l 
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Ai ch (4x—%0)\7+B, —1))9 = Fly) Sh n= 4)" 5) sh (440) 
ch (*«—%0)7+ Bi sh (x—xo)n Leng ei en ae ee 


Axst ch (x—44)9-+ Buss sh (x—2p)y = Fy) Se. 4 sp) 8h @— x00 
k+1 k x+1 Sh ( k)N AC) ben Geta, Wt ch, Ee Gteage 


L<k<an-tl. 
Introducing this in (3.1) gives the solution in the form 
h (4n—x) SNe aat qi, 
U(x, y i af: CLEAN Wale othe set 10 | imy 6.2 
= Vi F@) sh Gearon. g(7) “sh (%n—X0)9 5 ‘ on 


which is valid in the whole extent of the body in question. 
This result can be expressed in yet another form. For, regarding the well-known relation?” 


sin 
| DSU GID ott gy Eira ms 8 BB moins, Sleep 
Seed cos ~* +ch 22 
ic} B 
one finds without difficulty 
FS sou SIL 7? heiecerd wa | h(e) \ 
} ~iny dy = — pe es lal<B (5.3) 
i 7) sh By « = B 2 = B ie Reto ch Hea) ; ; 


and the solution (5.2) appears in its usual form 


bite 1 E ™(X—Xo) +e F (0) : 
ula, y= 2( Xn—Xo) cate Xn— Xo Poh ch Ze) =») COS eae a) 
Xn—Xo Xn—Xo 
&(e) | 
Xn Xe Xn—Xo 


Naturally, the integrals entering in the above deductions may be considered in the sense 
of Cauchy’s principal values, as usual in the theory of Fourier transforms. 


§6. A Two-Layer Plate 
In this case we have m=2 and the calculations become much more difficult. 
One has to do with a single matrix Q:(7), determined by (4.1), and the relations (2.11) give 


Na) =sh (h th)gt+(Ai—)) ch hig sh lo 
Z()=ch (11 +12)9+(41—1) sh Lig sh ley 


N(p)[Ai ch (x—0)9+ Bi Sh (40) 9] =f (m) [Sh (12x) 9+ 
+(A,—1) sh ley ch (11 —x)y] +2 (m) sh (x—%0)9 
N(q)[ Az ch (x —21)9+Be sh (x—x1)7] =A, f(y) sh (2—x)9+ 
+2(»)[sh (¢9—x0)n +(41—1) ch hin sh (@~—*1)7] . 


Introducing this into (3.1), the solution of the present problem follows in the form 


tals N= ae ae —™(Fenlsh (—x)0+ 


+(A;—1) sh ley ch (11 —*)0] +E (0) sh (%—%o)n} dy, = Xo SSM 
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— x0 + 


it 
ule = 75g NG) 
+2(n)[sh (x—x0)y+(4i-1) chlin sh (x—ai)y]} dy, 9 m1 SX SH | 


Nm)=sh (i +le)n+(4i1—-1) ch Lin sh 12% i 


Further manipulation with (6.1) depends upon the given functions f(y), g(y). Neverthe- 
less, the integrations required in (6.1) are exceedingly difficult and the author does not know 
of any closed form for those integrals, even in the case of the simplest functions f(y), g(y). 

Apart from the trivial special case 4:=1 leading to the homogeneous strip, there exists 
perhaps a single favourable situation where it is possible to get a closed form of the solution 
(6.1), namely the case characterised by /i=/:=/. Let us examine this state of things. 

We have 


2N(m)=(A1+1) sh 2ly 


and using the above auxiliary relation (5.3) in common with the analogous formula 


a ia) aes pee dn YEE aie Ta he) ha BBG aE ial ob peor) 


the expressions (6.1) become 


L ; ™(X—Xo) | cy a] Sat Ley ly ba 
u(x, y= WA+DI sin 9] | fe] = mo—y) (xX —Xo. e 


(Ai —1) ch 2@P—D). 
+ e: . a Jeo ~ ae) 2 __do| 
ch mead = mde) ~" oh mee 


Cos 


(6.3) 


U2(X, = sin See he = f (0) a | x do+ 


2(4:—1) cos R= %o) 


+00 it 21 

+\"2@| — xe fa 

=e  ZO=y) m(%—Xo) ROSY) won, ote —Ko).x]) C 
C y +cos Ti ch i oe 
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Circulation Preserving Motions 


By A. C. SRIVASTAVA 
Department of Mathematics, Indian Institute of Technology, Kharagpur 
(Received April 5, 1960) 


Two theorems concerning circulation preserving motions have been 
stated and proved. Two particular examples to illustrate them are also 
given. It is deduced that two circulation preserving motions in a New- 
tonian fluid when their sum is circulation preserving are mutually super- 
posable but in a non-Newtonian fluid this proposition is true only if one 


more condition is satisfied. 
superposability also. 


$1. Circulation preserving motions are defined 
to be those motions in which the circula- 
tion of a reducible circuit does not change. 


The circulation of x round any material 


circuit is given by | dx-x, where x is the 


Cc 
Eulerian coordinate and the dot denotes the 
material derivative. For circulation preserv- 
ing motions 


> 


a dx-x=0, 
Ot). 
where 6/dt denotes the material derivative. 
Truesdell” has shown that the condition (1) 
can be alternatively expressed as 

Cuinix— OF C2) 
This condition is known as d’Alembert-Euler 
conditions. It has been proved that (2) is the 
necessary and sufficient condition for a mo- 
tion to be circulation preserving. The condi- 
tions (1) and (2) are purely kinematical, valid 
for arbitrary media. 


(1) 


We state and prove the following two 
theorems about circulation preserving and 
superposable fluid motions. 

Theorem 1. 

For a fluid whose equations of motion are 
such that the acceleration is the sum of a linear 
function of velocity, vorticity and the gradient 
of a scalar function, the condition that vi+ve 
is circulation preserving provided that v: and 
v: are circulation preserving, is identical with 
the condition of superposability of vi and vz; 
but, if the acceleration is a non-linear func- 
tion of velocity and its derivatives the above 
two conditions are quite different. 

Proof: 

(a) Let us suppose that the acceleration is 
a linear function of vorticity, velocity etc. and 


§ 2. 


Similar results have been deduced for self- 


has the form 

x=9,(v)+ 92()+ px, C3 
where @, and ® are linear operators [0(A+ B) 
=0(A)+9(B)] and x is a scalar function. The 
condition that vi+ve is circulation preserving, 
when vy: and vz are circulation preserving, is 


obtained by Truesdell” 
curl (@: X vetq@:Xvi)=0. (4) 
This is purely kinematical and does not 
depend on the form of the equation of motion. 


Performing curl operation on (3), we get 


curl x=curl ®:(v)+curl D2(@) . (ey 

If vi, vz and vi+vz satisfy (5), we get 
curl x1=curl ®:(v:)+curl O:(@:), (6) 
curl x2=curl 9:(vz)+curl @2(@:) , (aay 

curl x:+curl x+curl (@: X ve+@: Xx ¥:) 
=curl 9,(vi+vz2)+curl O:(@i:t@2). (8) 


Using (6), (7) and (8), the condition of super- 
posability is 
curl (@1 X v2+@2 Xx vi)=0 . (9) 
which is same as (4). 
This proves the first part of the theorem. 
(b) Let us now suppose that acceleration is 
a non-linear function of velocity and it deriva- 


tives and has the form 
x=9,(v)+9:(@)+ Pv) +772 , (10) 
where #(v) is a non-linear function of its 
argument and its derivatives. 
The condition of superposability of two mo- 
tions vi and ve of a fluid, whose equation of 
motion is (10), can be derived as in (a). Itis 


curl (@:1 X v2 +@2 X v) 

=curl $(vi+v2)—curl $(v:)—curl ¢(v2). (11) 
In general the right-hand member of (11) is 
not zero, and hence this condition is quite dif- 
ferent from (4). 
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This proves the second part of the theorem. 
For vitv: to be circulation preserving 
provided that vi: and ve are circulation pre- 
serving, the condition (11). with the help of 
(4) reduces to 
P(vi-+v2)—Y(v1)—Y(v2) = grad @. 
Theorem 2. 

For a fluid whose equations of motion are 
such that the accerlation is the sum of a linear 
function of velocity, vorticity and a gradient 
of a scalar, a self-superposable motion with 
steady vorticity is circulation preserving; but, 
if the acceleration is a non-linear function of 
velocity and its derivatives, the above state- 
ment is not necessarily true. 

Proof: 

The condition for a motion v with steady 
vorticity to be circulation preserving can be 
deduced from (2) as follows. 


(12) 


x=grad 


5x| tour bre 

Taking curl of x, we get 

(13) 
The condition of self-superposability in a fluid, 


whose equation of motion is (3), can be de- 
duced from (9) by putting #:=@2:=0, vi=Vv2=V 


curl (wxv)=0. 


curl (@xv)=0 , 
which is the same as (13). This proves the 
first part of the theorem. 

In a fluid whose equation of motion is given 
by (10) the condition of self-superposability is 
{put @:1=@2=@, vi=ve=vV in (11)] 

curl (@ x v)=curl ¢(2v)—2 curl Y(v) , 


which is quite different from (13). 
If the motion is circulation preserving, (14) 
gives 


(14) 


P(2v)—29(v) = grad @ . (15) 

‘In other words if the condition (15) is satis- 

fied, any self-superposable motion with steady 

vorticity is circulation preserving, even though 

the acceleration is a non-linear function of 
velocity and its derivatives. 


$3. We give two examples to illustrate the 
theorems 1 and 2. 
Example 1. 


The equation of motion for a viscous incom- 
pressible Newtonian fluid is 


x= —grad (2) curl@ . (16) 
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Hence we conclude from the first parts of 
the theorems (1) and (2) that 

i) If vi, ve be any two circulation preserv- 
ing motions in Newtonian incompressible fluids 
and if vitve is also circulation preserving, 
then vy: and vz are mutually superposable. 

ii) Any circulation preserving motion with 
steady vorticity is self-superposable. 

These conclusions were also drawn by 
Truesdell”. 
Example 2. 

The equation of motion for incompressible 
non-Newtonian fluid [Reiner-Rivlin fluid] is? 
Ov 0w Ov_ Ow 


x= —y, curl a— —2u4 5 “ax “ay” ay 
+2 x22 4 (curl Pvt: re | 


sie grad'[p+s] , (17) 


where vy, is kinematic coefficient of cross- vis- 
cosity 


§ Ovi? |Ovl? |dv|? 
= 7 c > 
F é | ax| *lay| “lez | 
In this case condition (12) becomes 
Ovi Oa: REAL y mr 4 OVs Ow: Ove 0a 
Ot Oke Oty Ol, OV 2 OY -tveEOe 
Ov: O@2 Ove y M1 
G2 G2 T Gz * Oz mers 
+(curl @2-7)vi + a (@1'))@2 
+5 (a2: Pax =grad@, (18) 
and condition (15) becomes 
Ov. 0w Ov_ do ov. do 
Ox dx Oy * Oy ee Sa Oz sii CURL OnE 
++ (o-p)e =egradO. (19) 


Hence we conclude that 

i) The condition that v:+ve is a circulation 
preserving motion in non-Newtonian fluid, 
when vi, vez are circulation preserving, is iden- 
tical with the condition of superposability of 
vi and v2 if and only if, (18) is satisfied. 

ii) Any circulation preserving motion with 
steady vorticity is self-superposable in non- 
Newtonian fluid, if and only if, condition (19) 
is satisfied. 
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‘Thickness-Dependence of Stress in Vacuum 
Deposited Silver Films 


By Koreo KINOSITA and Hideki Konpo* 


Department of Physics and Chemistry, 
Gakushuin University, Mejiro, Tokyo 


(Received May 6, 1960) 


Recently we carried out measurement of the 
tensile stress in silver films of 30~2,500 A thickness 


‘vacuum deposited on thin pieces of mica. Fig. 1, 

- 
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Fig. 1. Stress vs. film thickness. 
meproduced from the previous note!), shows the 
“magnitude of the stress « vs. the film thickness 
id. 

The purpose of the present note is to point out 
that the relation between o« and d can be very 
well approximated by an orthogonal hyperbola of 


the type 
(1) 
‘This will be best illustrated by the curve in Fig. 
1, which represents 

od=177X109 (dyn/cm?) A. 


od=const . 


(2) 


* Now at Japan Camera Inspection Institute, To- 


ikyo. 


A tentative explanation of Eq. (1) can be obtained 
if we admit the following assumptions (refer to 
Fig. 2): 

1° The stress in the film is localized in a very 
thin surface layer. 

2° The thickness of this surface layer, dy, which 
must be of the order of 10 A, is constant, irrespec- 
tive of the total film thickness d. 

3° The stress in this layer, o , is constant, 
irrespective of d. 

Obviously it follows that the mean stress in the 
film, o, is given by 


o=oodo/d ; (3) 


in accordance with Eq. (1). Eq. (2) will mean that 
ody =177 X 109 (dyn/cm?) Ast present separate 
evaluation of a» and dp is not possible. 


Fig. 2. Model on which Eq. (3) is based. # and 
S represent film and substrate respectively. 


The surface layer mentioned above may be the 
one adjacent to the free surface of the film, or it 
may be the one adjacent to the surface of the 
substrate. If there is tensile stress in either of 
them, the film as a whole will contract and bend 
the substrate (mica) as is observed). It is more 
plausible, however, that the stress is concentrated 
in a layer adjacent to the free surface, because it 
has been observed that silver films deposited on 
the wall of the bell-jar often cur! up with the free 
surface concave. 

The reality of the model proposed here will have 
to be put to severe test because it does not seem 
to be consistent with the current view that very 
thin silver films (say d< 100 A) consist of isolated 
crystallites while thicker ones are continuous. For 
further discussion the reader is referred to refer- 


ence 1). 
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Electron Spin Resonance of Mn** in 
SrCl:,CdCl: and CdBr:2 


By Hiroshi KOGA, Kazumi HORAI 
and On MATUMURA 
Department of Physics, Faculty of Science, 
Kyusyu University 
(Received March, 22, 1960) 


In Connection with the alkali-halide:Mn1), the 
electron spin resonance of Mn++ ions in the single 
crystals of SrCl,CdCl, and CdBrz have been 
measured at room temperature and at the wave- 
lengths of 3 and 0.8cm. 

The crystals were grown from the melt which 
contained a small amounts of MnCl, in a closed 
quartz tube under a vacuum of about 10-3mm Hg. 

(1) SrCl,:Mn. 

At low Mn concentrations (<3x10-3), the 
observed spectra are composed of six hyperfine 
lines. These spectra are interpreted with the usual 
spin Hamiltonian 


SP =9pH-S+A-S-J+ é a| Set+Sy'+ Se 
2 - S(S+1(88?+35—1) | 


with S and J=5/2,g=2.004 and A=82.7 x 10-4 cm-1. 
No significant changes are observed in the spectra 
for various angular variations of the magnetic field 
with respect to the crystal axes, and the order of 
a is estimated as @ <5x10-4cm-!. At high Mn 


o00sZ 
O00 
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concentrations (>7X10-8), only a single line is 
observed with the apparent g-values are 2.0073 at 
3cm and 2.0015 at 0.8cm. This difference is 
supposed to be due to the lower symmetry of the 
crystalline field and the random distribution of its 
tetragonal axes orintation. The cause of this lower 
symmetry is thought to be the difference of ionic 
radii or depolarzing powers of Mn++ and Sr++ 
ions in near sites. From these g-values, the 
tetragonal field parameter D is estimated as 
240x10-4cm~! and the true g-value is 2.000. 

(2) CdCl, and CdBre:Mn. 

Same as MnCl, these crystals belong to the 
D3, space group and have a layer structure. The 
spectra have been analysed with the following spin 
Hamiltonian 


SF = 96bH-S+A-S-I+ DS24+ E(Sz?— Sy?) 
The obtained values of the parameters are listed 
in the table. 


Table I. 
Mn- A D E 
ee concentra- g <LOT* | X10F a xoss 
tion em-! cm-1! cm~t 
Cd@ls i 110-8 2 2066)ReSl26 <15 — 
GdBro)}), 210m 2-045 79.3 202 <10 


In the case of CdCl,?) the spectrum consists of 
only six hyperfine lines of about 11 gauss width of 
nearly Lorentzian shape. Thus the upper limit to 
the value of D has been estimated. In CdBrz, as 
shown in Fig., the spectrum has 30 lines of about 


oose 
Door. 
oosy 


Fig. 1. CdBr,;:Mn spectrum. The magnetic field is parallel to |001| axis. 


40 gauss width. This width remains nearly con- 
stant for some crystals of the different Mn-concen- 
trations and under various conditions of the crystal 
growth. The stacking fault in the crystal or the 
hyperfine interaction between the Mn electrons and 
the surrounding eight Br nuclei may be the origin 
of this large line width. 

The resonance of MgBro:Mn and BaCl,:Mn are 
also measured with the results of g=2.001 and 
A=82x10-4cm-!, and g=2.003 (single line) respec- 
tively. 


The more detailed experiments are being carried 
out and the full report will be given in the near 
future. This research is partially supported by 
the Grant for Promotion of Science from the 
Ministry of Education. 
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Ultrasonic Measurement of Magnetization 
in Mn-ferrite Single Crystal 


By Kazuo HUSIMI, Katsumi NISHIGUCHI 
and Toshimasa SUZUKI 
Electrical Communication Laboratory 
Musashino-shi Tokyo 


(Received May 6, 1960) 


The ultrasonic method whicn has been developed 
as a new measuring technique of ferroelectric 
polarization without disturbing the domain con- 
figuration has several advantages and is shown to 
be useful for the study of ferroelectrics!). It has 
been pointed out by analogy that the similar means 


can be available for magnetism by using the 


dependence of the magnetostriction on the magneti- 
zation, and this is applied on the magnetization 


- switching study of Mn-ferrite single crystal grown 
by the Stockbarger method. 


The block diagram of experimenial arrangement 
is shown in Fig. 1. The sample is always kept in 
ultrasonic excitation by a quartz crystal. The 
magnetostrictive output voltage is amplified and 
displayed on the cathode ray tube CRT-1, and its 
amplitude is determined by comparing with the 
signal of a standard attenuator. The direction of 


magnetization is also detected from the Lissajou 
figure trajectory on CRT-1. 
pulses shown in 


LA AMP 


For calibration, double 
Fig. 1 are applied on the input 


is 


‘X- Cut 
Quartz 


500KC 


7 


Fig. 1. Block diagram of experimental arrange- 


ment. 
terminal, and the switching voltage responses are 
integrated and are displayed on CRT-2 after am- 
plification. From this figure the magnetic flux 
changes can be measured. The calibration curve 
of the magnetostrictive output voltages relative to 
the remanent magnetic flux densities is shown in 
Fig. 2. In this mesaurement, the magnetic flux 
density was adjusted by varing the amplitude of 
the input double pulses. 

Differing from the case of ferroelectrics, the 


| ultrasonic output voltage V has no linear relaiton- 
| ship to the magnetic flux density B, and can be 
| expressed approximately as; 


Vo Bo.7 
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Calibration curve of magnetostrictive output 

voltage relative to remanent magnetic flux den- 

sity. 

The magnetization switching processes by single 
pulses with different amplitudes are shown in Fig. 


3. with the pulse width as parameter. In every 
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Fig. 3. Magnetization switching processes by 


single pulses. 


case, initial negative remanent setting was perfor- 
med by manual application of the negative field 
with strength of 2.04 oe for several seconds. 

The electromechanical transducer, in which the 
test crystal is mounted, is the same type used for 
ferroelectrics!), and the exciting quartz crystal 
disk has a fundamental resonant frequency of 
thickness mode near 500 Kc. 

The crystal was finished by the ultrasonic cutter 
as also shown in Fig. 22) and was annealed. 

Unfortunately it was found by x-ray analysis that 
the legs of the rhombic frame did not precisely lie 
along <111> direction, therefore we could not 
carry out farther analysis of domain wall motion 
of the crystal. But from these experiments, we 
have made clear that this new method is also 
adequate for the nondestructive measurement of 
magnetization, though the magnetostrictive output 
voltage is small and not proportional to remanent 
magnetization being different from ferroelectrics. 

We wish to thank Dr. M. Hatoyama and Dr. N. 
Sakamoto of Electrotechnical Laboratory for kind 
furnish of the single crystal Mn-ferrite, and Dr. 
Y. Niizeki for x-ray analysis. 
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The Temperature and Pressure Dependence 
of the Nuclear Resonance of Co*® 
in Face-Centered-Cubic 
Cobalt Metal 


By Yoshitaka K61, Akira TSUJIMURA and 
Yoshinori YUKIMOTO 


Faculty of Engineering, Tokushima University, 
Tokushima 


(Received March 2, 1960) 


Recently the nuclear resonance of Co*? in fer- 
romagnetic f.c.c. cobalt metal was observed by 
Gossard and Portis!). The resonance frequency is 
213.1 Mc/sec in zero external magnetic field at 
room temperature. This indicates an effective 
magnetic field of 213 400 oersteds at the site of 
the nucleus, since the nucleus has a magnetic mo- 
ment of 4.583 nuclear magnetons and a spin num- 
ber of 7/2. The effective field arises from the hy- 
perfine interaction between the nucleus and both 
the core and the conduction electrons, as has been 
discussed by Marshall?), and can be written as 


Hezy=hAM , 


where 4 is a constant, A represents the hyperfine 
interaction and M the magnetization. 

As in the case of the fluorine resonance in anti- 
ferromagnetic MnF,%)4), knowledge of the tempera- 
ture and the pressure dependence of the resonance 
frequency will give detailed information about the 
hyperfine interaction. Therefore, measurements 
were made in the range from liquid oxygen tem- 
perature to 550°C5) and in the pressure range 1 to 
8000 kg/cm?. The spectrometer was the one used 
by one of the authors for the line-width study of 
pure quadrupole resonance, which has been describ- 
ed elsewhere.®) It was frequency-modulated, and 
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the resonance was displayed on an oscilloscope. 
The probable error in the determination of the re- 
sonance frequency was +0.1 Mc/sec. © 
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Fig. 2. The pressure dependence of the resonan- 
ce frequency at 194.7° and 282.3°K. 


The results of the measurements are shown im 
Figs. 1 and 2. The resonance frequency seems to. 
have the same temperature dependence as WM, so 
the temperature dependence would be primarily 
due to the change in M. However, the change in 
A would be responsible for the pressure depen- 
dence, since M is likely to depend little on pres- 
sure”), In order to obtain a definite conclusion as: 
to these points, and to know the detailed nature 
of the interaction, measurements of the tempera- 
ture and the pressure dependence of M are neces- 
sary and now in preparation. 

The details of the experimental procedures and 
the discussions of the results will be published 
later. 

The authors wish to express their sincere thanks: 
to Professor T. Kushida of Hiroshima University 
for arousing their interest in this problem. 
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The Ferromagnetism of the 
Compound 7-FeSn 
By Mitsuru ASANUMA 


Department of Physics, Faculty of Science, 
Hokkaido University 


(Received May 21, 1960) 


The B8 type structure is frequently formed by 
alloying the iron group transition elements T with 
some of the elements B of IIIB, IVB, VB and VIB 
groups in the periodic table, and is extended in a 
wide range between the composition T.B and T,_.B 
depending on the variety of the components!.2). 
There are a number of ferromagnetic or ferrimag- 
netic compounds in this structure, and many 
investigations have been done to the equiatomic 
structure TB and defect structure T,_.B, But 
excess structure T,+,B has never been sufficiently 
investigated. 

The study was started by taking tin as a B 
component. According to the phase diagram in the 
system of iron-tin by Hansen), a number of 
intermediate phases are formed in this system, as 
shown in Fig. 1. Among them 7-FeSn, having a 
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Fig. 1. The phase diagram of the system of 
iron-tin. 


B8 type structure, is formed peritectically at 940°C 


in the composion of about 43.5~44 atomic per cent 
‘Sn, and decomposes at 780°C. Since the alloy of 
jron and tin has two immiscible phases in molten 
state, the specimen was prepared by sintering 
method. After heating the mixture of iron and 
tin sealed in evacuated silica tube at 1200°C for 
a day, it was crushed, baked at 850°C (this is the 


temperature of formation of B8 structure) for a 
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week, and then quenched in water. The composi- 
tion of the compound prepared is Fe; Sn. 

The examination by X-ray diffraction showed that 
the specimen was mostly constructed of 7-FeSn and 
contained a few amount of tin. The lattice para- 
meter are a=4.216A, c=5.244A and e/a =1.243. 

The saturation magnetization was measured by 
Sucksmith’s ring balance, and the result is shown 
in Fig. 2. The value of the saturation magnetization 
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Fig. 2. The depeddence of the saturation mag- 
netization on the temperature. 


per mol at absolute zero temperature is estimated 
as 2.3yup, i.e. 1.8u— per iron atom, and the Curie 
temperature of this specimen is 676°K. Although 
the specimen contains a few amount of tin phase 
and small change of the composition from Fe;,,3;Sn 
is expected, there is no doubt that the ferromag- 
netism shown in Fig. 2 is due to the compound 
y-FeSn and not due to the eventual coexistence of 
a-Fe. 

The magnetic susceptibility above the Curie 
temperature could not be measured, because ;7-FeSn 
is only stable from 780°C to 940°C and it decom- 
poses by keeping the specimen between the Curie 
temperature and 780°C for a long time. 

In order to explain the measured value of the 
saturation magnetization, another transition ele- 


ments-tin systems, i.e. Co-Sn and Ni-Sn systems 


have been investigated. The results will be 
published in this Journal. 
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Optical Absorption of Localized Exciton 
in KCl:I and NaCl:I Single Crystals 


By Kuniya FukUDA, Riso KATO, Kaizo NAKAMURA 
and Yoichi UCHIDA 


Department of Physics, Faculty of Science, 
Kyoto University 


(Received May 6, 1960) 


The first fundamental optical absorption of alkali 
halides is attributed to the electronic transition from 
halide ion to neighboring alkali ion!). The dis- 
placement of the optical absorption due to an im- 
purity halide ion from the first fundamental one 
of the pure base substance was early found by 
Hilsch and Pohl on I- impurity ion in NaCl, KCl 
and RbCl, but their measurements at room tem- 
perature were not made on single crystals?). Later, 
Delbecq et al. reported the similar displacement of 
the absorption of I- ion substitutionally embedded 
in NaBr and KBr single crystals?). In this case 
the absorption peak of I~ ion was observed at 
liquid nitrogen temperature with a definite sepa- 
ration from those of host crystals, and they consi- 
dered this separation to be due mainly to the dif- 
ference in electron affinities of Br and I. 

In this note, results are given on the absorption 
band due to I- impurity in KCl and NaCl single 
crystals, which may be ascribed to the localized 
excitation at I- ion. Single crystals of KCl and 
NaCl, each containing 0.05 mole % of I- impurity 
in melt, were grown up by the Kyropoulos method. 
Absortion measurements were carried out at room 
temperature by Seya-Namioka type vacuum ultra- 
violet monochromator recently constructed in our 
laboratory). Figure 1 shows the absorption curves 
of NaCl:I and KCl:I. The absorption peaks of I- 
ion are at 188 mp (189.5myz) and 182 my (185 mz) 
for KCl:I and NaCl:I, respectively, differring 
slightly from the results of Hilsch and Pohl which 
are shown above in the brackets. Their results 
seem to contain some ambiguities concerning peak 
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position and absorption shape because they used 
quartz spectrophotometer in air. In longer wave- | 
length region, no absorption band was found which 
might be associated with coaguration of I~ ions. 


density 


Optical 


75 70 65 60 
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Fig. 1. The optical absorption curves of (1) KCl: 
I of 0.3mm in thickness and (2) NaCl:I of 
0.5mm in thickness, at room temperature. 
Dotted curves show those of pure crystal ,; 


The separation between the I- band and the first 
fundamental absorption of host crystal is 1.lev 
for KCl:I and 1.0 eV for NaCl:I. These separations, 
which are larger than those expected from the dif- 
ference of 0.6eV in electron affinities of Cl and I, 
are considered to contain considerable large con- 
tributions from “ size-effect ” perturbations, that 
is, the changes of Madelung potential and repulsi- 
ve energy due to the difference in ionic radii of 
Cl- and I~ ions, in comparison with the case of 
I~ ion in KBr and NaBr . In addition, of course, 
polarization energy difference in excited state may 
not be neglected. The band shape of I- ion ab- 
sorption, though slightly asymmetric, is approxi- 
mately Gaussian in both cases of KCl:I and NaCl: 
I. Obtained results are tabulated in Table I be- 
low. 


Table I. Energy difference between iodide impurity absorption and fundamental absorption 


in KCl and NaCl at room temperature. 


| (1) first fundamental | 


: | ; : 
aad cak host (2) peak of I- | Half-width Separation (1)—(2) 
| crystal5) (eV) | band (eV) | (eV) 4E (eV) 
KCL:I ~7.7 (161mp) | 6.85 (188 mp) | SMe RT | astet 
NaCl:1 ~7.8 (159 my) 6x82 (182 ta, etal ~0.35 | 2oF 


Similar attempt was made on Br- impurity in 
chlorides at room temperature and no separated 
Br- band was observed, but the fundamental ab- 
sorption edge shifted to the longer wavelength 


side. 

The temperature and concentration dependence 
of I~ band and. other phenomena concerning I- 
impurity will be reported in a near future. 
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Avalanche Breakdown in CdS 
Single Crystal 


By Sigeru IIzIMA and Makoto KIKUCHI 
Electrotechnical Laboratory, Nagatacho, 
Tokyo, Japan 
(Received May 25, 1960) 


In the previous note!) we described the avalanche 
breakdown in CdS single crystal that had an ohmic 
In contact and a non-ohmic Ag-paste contact, show- 
ing that this breakdown was accompanied with the 
electroluminescence. The construction of CdS cell 
in the present study is shown in Fig. 1, which is 


=aCdo Ag pasie 


= 


evavorated In 


lead wire 


bakelite 
Fig. 1. Construction of the experimental cell. 

somewhat different from that in the previous note. 
This construction is convenient to observe through 
a microscope what part of the crystal luminescens. 
The feature of the light emission is shown by 


microphotograph in Fig. 2. The spacing between 


mS (b) 


(a) Photomicrograph of the cell. (b) 
Light emission of the cell. 

In and Ag contact is about 0.3mm, and the light 

is emitted only when Ag contact is positively 

biased. 50 cps ac potential of about 200 volts is 


ions 


applied in this case. It should be noted that the 
light is emitted only at the neighbour of Ag contact. 
This fact seems to suggest that Ag-paste contact 
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at high positive potential injects positive holes 
which induce the avalanche breakdown in the 
neighbourhood of Ag contact. 

It has been found that this avalanche can be 
triggered and quenched by illuminating the cell 
with visible and infrared light, respectively. Fig. 
3(a) shows the V-I characteristic on the oscilloscope 
using 50 cps ac voltage when the cell is in the 
dark and the avalanche breakdown has not yet 
occurred. Keeping ac voltage at a proper value 
so that the avalanche does not occur in the dark, 
the avalanche breakdown can be triggered on when 
the cell is illuminated by visible light. The 
avalanche is maintained even after removing the 
light. Fig. 3(b) shows the V-I characteristic of 


(b) 


(c) 


Fig. 3. (a) V-I characteristic in the dark. (b) 
After 1 sec exposure to visible light. (c) After 
1 sec exposure to infrared light. (Ordinate: 


200unA per division. Abscissa: 50 V per divi- 

sion.) 
such a state after 1 sec exposure to the light of 
510 mp in wavelength. Such a on-(or conducting-) 
state can be quenched by infrared illumination. 
Fig. 3(c) shows the V-I characteristic of quenched 
state after 1 sec exposure to 1350 mp infrared light. 

The triggering effect is induced by increased 
primary carriers which are generated by the visible 
light. Once a highly conducting state has been 
attained, it is maintained by itself even after 
removing the light, just as in a gas discharge tube 
which sustains the discharge. Since we observe 
the conducting or non-conducting state by the 
V-I characteristics on the oscilloscope using 50 cps 
ac voltage and the exposure time is | sec, it is 
suggested that the time constant in this phenomenon 
is at least larger than 20 msec and at most shorter 
than 1 sec. The quenching effect in the present 
study is likely concerned with the so-called infrared 
quenching in the photoconductor, but the detailed 
mechanism of the present effect is rather ambigu- 


ous. 
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Pulse Photoconduction and Carrier Lifetime 
in CdS Single Crystals 


By Junji SHIRAFUJI and Yoshio INUISHI 


Faculty of Engineering, Osaka University, 
Osaka 


(Received May 5, 1960) 


The decay time constants and peak value of 
photocurrent in CdS single crystals were measured 
with short duration light pulse (0.5 sec) from Xe 
discharge tube or with chopped light of 5m sec 
width. The CdS samples were prepared by the 
sublimation (S-1 and 2) and by the melt (M-1 and 
2) without any impurity added intentionally. With 
0.5 psec light pulse, two components of photocur- 
rent decay were observed on synchroscope figure 
with time constants of the order of 1 psec (7,) and 
30 usec (r2), respectively, at room temperature as 
shown in Photo. 1. With chopped light pulse (5 
msec), two components in photocurrent decay were 
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¢ 
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Photo. 1. 


observed with the decay time constants of 10 msec 
(c3) and 40 msec (z4), respectively, at room tempera- 
ture. 

Fig. 1 (solid lines) shows the temperature de- 
pendence of decay time constants 7, and c» in 
several samples. The temperature dependency of 
7, was similar in all samples, which shows ex- 
ponential decrease with decreasing inverse tem- 
perature, and zc. was rather temperature insensitive 


in this range. If we assume well known Shockley- 


00 


decay time constant of r,and rg (solid line) in psec 


Photocurrent (dotted line) in arb unit 
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Read formula!) of recombination in n-type high 
resistivity sample, 
r= exp[(H,—E,)/kT], 

the value of (H;—Ey,), namely the difference be- 
tween trap level and Fermi level, was estimated 
from Fig. 1 as 0.052eV. The dotted line in Bigedl 
shows the temperature dependence of the peak 
value of photoresponse induced by a 0.5 usec Xe 
light pulse of a definite intensity. The photocurrent 
shows approximately similar temperature depend- 
ency to the time constant z,. It was proved that 7 
is sensitive to the surface condition; 7c; decreases 
to the half value when exposed to water vapor. 


The similar phenomena have been reported in CdSe 
crystals?). 


Photocurrent (dotted tine)’ in arb. unit 


decay time constant of rs (solid line) in msec 


niger 


Fig. 2 (solid lines) shows the temperature de- 
pendence of rc3 in M-1 and 2 samples, which have 
a maximum at about 200°K. The dotted lines in 
Fig. 2 show the peak value of photocurrent induced 
by chopped light of 5msec as a function of tem- 
perature, which show remarkable maximum also. 
We can see that the temperature dependence is 
similar in both curves. 

To clarify the mechanism of the photocurrent 
decay, we are now proceeding our experiments to 
the effects of the wavelength, the ambients and the 
crystal imperfections. 
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Some Observations on Plastic Deformation 
and Slip Lines of Sodium 
Chloride Whisker 


By Kan-Ichi KAMIYOSHI and Tsutomu YAMAKAMI 


Research Institute for Scientific Measurements, 
Tohoku University, Sendai, Japan 


(Received May 6, 1960) 


According to the results obtained by Gyulai!), 
tensile strength of NaCl whisker was strongly de- 
pendent on size below 10y. Recently, Webb?) 
found that relatively large NaCl whiskers have 
low elastic limit but large plastic deformation, 
whereas whiskers with small cross-sectional area 
could be expected to show high elastic limit but 
brittle fracture. 

The present authors have made the tensile test 
of NaCl whiskers which were prepared by the cel- 
lophane method following Amelinckx®), and have 
determined the relation between tensile strength 
and cross-sectional area (Fig. 1), and the relation 


Tensile strength, k9/mm? 
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Fig. 1. Dependence of the tensile strength of 


NaCl whisker on the cross-sectional area. 
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Fig. 2. Dependence of the plastic deformation of 
NaCl whisker on the cross-sectional area. 


between plastic deformation at fracture and cross- 


sectional area (Fig. 2). Though the experimental 


values differ considerably from one whisker to an- 
other, it may be seen from these results that the 
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tensile strength increases rapidly when the cross- 
sectional area decreases to below 1x10-3mm2. On 
the contrary, the plastic deformation at first in- 
creases with decreasing cross-sectional area, but 
it decreases sharply to zero when the cross-sec- 
tional area decreases further. The point A in Fig. 
2 represents the results that the plastic deforma- 
tion is zero (elastic deformation only) in spite of 
high tensile strength (11 kg/mm2). Therefore, the 
property of NaCl whisker may be classified into 
three groups according to the size: 

(1) high yield strength but brittle fracture (whisk- 
ers of very small size), 

(2) low yield strength but large plastic deforma- 
tion (whiskers of intermediate size), and 

(3) low yield strength and small plastic deforma- 
tion (whiskers of large size, or normal bulk crys- 
tal). 

Plastic deformation produces the slip lines on 
tne surface. They have been observed by optical 
microscope and by electron microscope. The slip 
usually occurs on the single set of (110) slip plane 
systems. Cross slips are rarely observed. The 
slip lines are, in some cases, straight and parallel 
(Fig. 3-b), but in other cases, they are wavy and 
the branching is observed (Fig. 3-a). 


(a) (b) 
Fig. 3. Electron micrographs of the slip lines 
of NaCl whisker. Cr-shadowing. (2,000) 


The authors wish to express their sincere ap- 
preciation to Mr. Yada for taking many electron 
micrographs. 

The details of the present results will be pub- 
lished in Sci. Rep. of the Research Institute, Toho- 
ku Univ. 
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Dislocation Etch Pits on a- and b-Faces 
of GASH Crystal 


By Terutaro NAKAMURA and Kikuo OHI 


Department of Physics, Ochanomizu 
University, Otsuka, Tokyo 


(Received April 26, 1960) 


Dislocation etch pits on cleavage surface (that is 
{0001} face) of ferroelectric GASH crystal has been 
reported by one of the authors!). Present paper 
reports the observation of etch pits on a surface 
of a- and b-plate crystals of GASH. GASH crystal 
is reported to have the space group P-3lm2) and 
grow in hexagonal prismatic form. 

a- and b-plate crystals were cut out from as 
grown crystals by “ thread-and-water-method ”, and 
etched by distilled water for about thirty seconds, 
followed by drying on some kind of blotting paper. 
Surface of the crystal cut by the thread-and- 


(Gare) 
Bigs 1. 
on a face. 
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(b) 
Photomicrograph of dislocation etch pits 
Face shown in (b) is about 50u below 


(Vol. 15, 


water-method is rather irregular. By the etching, 
however, the surface is smoothed out and rectangular 
etch pits shown in Fig. 1 are observed. Longer 
sides of the etch pits are of the order of 50y and 
shorter sides 20u. An etch pit has quadrangular 
pyramidal form, and the depth is of the order of 
afew microns. The deepest point is displaced by a 
certain amount from the center of the periphery of 
the etch pit. This assymmetry of the shape of the 
etch pit is accompanied by every pit and it can be 
detected that even the pit, which corresponds to 
the emergence point of dislocation running perpen- 
dicular to the surface of the crystal, is assym- 
metric. This assymmetry is due to crystal 
symmetry. a-axes of the crystal are defined as 
normals of edgs of a triangular etch pit on (0001) face, 
while b-axes are defined as normals of edges of a 


etch pit on (0001) face, which is related to that on 
(0001) by two fold axes normals to the qa-axes, 
following Wood2). The displacement of the deepest 
point on a-face is towards (0001) face and that on 


Fig. 3. Photomicrograph of dis- 
location etch pits produced by 
mechanical stresses. 


(a), and obtained by continuous dissolution. 


are 
oan 


Fig. 2. Penetrating dissolution along the dislo- 
cation lines. 


b-face is towards (0001) face. 

By dripping a drop of distilled water on the 
crystal, continuous change of etched surface is 
observed. In the dissolution process of the crystal, 
the etch pits stay at certain sites (Fig. 1. ase) 


while shape and size is deformed gradually, untill 
the water is saturated and the dissolution ceases. 


In a subsequent addition of water drop, dissolution 
takes place again, and etch pits are formed at the 
same sites, as in the previous dissolution process. 

By the continuous observation of the dissolution 
process of a- and 6-cut plate crystals, spacial 
distribution of the dislocation lines was traced to a 
certain extent. When the dislocation runs obliquely 
to the surface of the crystal, it is observed that 


5) <Eu (A. | Wood: 


1960) 


the pit moves during dissolution process. 

When the dissolution process of thin crystal is 
observed, preferential dissolution takes place at the 
emergence points of dislocation lines on the top 
and the bottom surfaces of the crystal, until the 
“penetrating dissolution ” results along the disloca- 
tion line (Fig. 2). 

a- and b-faces of this crystal is mechanically 
shocked by a contact of point of a needle and 
etched. An example of this result is illustrated 
in Fig. 3. This result seems to indicate that dis- 
locations are nucleated by the mechanical shock. 

Linear array of etch pits are sometimes observed 
on a- and b-faces. It will be likely that some 
arrays of etch pits correspond to grain boundary. 

Above mentioned aspects of the etch pits are 
quite in parallel with the dislocation etch pits on 
the cleavage surface of GASH crystal!), and we 
cannot avoid to conclude that the etch pits on the 
surface of a- and 6-cut crystals also correspond to 
emergence points of the dislocation lines. 

The pit density or a- and b-faces is generally of 
the same order or a little larger than on the 
cleavage face. 

The crystal, in which the distribution of the 
dislocation lines is highly complex, does not exhibit 
P-E hysteresis loop but usual linear P-F relation. 
It seems very likely that the dislocation may have 
very interesting interactions with ferroelectric 
behavior of GASH crystal. 

This work was finantially supported in part by 
the Grant in Aid from the Ministry of Education. 
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(Received April 27, 1960) 


Since the discovery by Petroff!), no further 
research for A-centers has been conducted within 
the color center research program. Recently, 
Hirai?) and Tomiki3) noticed the presence of A- 
centers when they carried out the optical absorp- 
tion measurements at room temperature. We 
measured the A-band absorption at liquid air 
temperature. To avoid the coagulation of F’- 
centers, specimens having low concentrations of 
F-centerswere used. 
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Single crystals of KCl made by the repetitions of 
the Kyropoulos method were colored additively. 
Optical absorption measurements and Flight ir- 
radiations were made by using the Hitachi EPU-2 
type spectrophotometer. The wave-length of F- 
light used to convert F’-centers to complex conters 
at room temperature was 530 my having band-width 
of 5my so as not to excite the A-band. 

At the early stage of F-light irradiation, the 
A-band increases exclusively together with a 
simultaneous rapid decrease of the F-band. A 
typical example of opitical absorption measurements 
of F-bleaching for KCl containing 1.5x10!6/cc 
F-centers is shown in Fig. 1, in which the solid 
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Optical densities versus photon energies. 
curve shows before irradiation with F- 
light. Dotted curve shows after 30 min. irradia- 
tion with F-light at room temperature. All 
measurements are carried out at liquid air 


Fig. 1. 
Solid 


temperature. 
curve shows the absorption curve before irradiation 
and dotted shows that after 30 min. irradiation 
with F-light. The peak of the A-band is located 
at 2.23 eV with half-width of 0.13 ev at liquid air 
temperature. With the successive irradiation with 
F-light, the M- and R-band appear and the A-band 
tends to vanish until W-bleaching reaction reaches 
its stationary state. The changes of peak heights 
of these bands are shown in Fig. 2 against the 


i KC! crystal: Ne=1.56 x10'° 
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Fig. 2. Changes of peak height of optical density 
of various color centers versus irradiation 


periods of F-light at room temperature. 


periods of irradiation with F-light. 
At the region I as shown in Fig. 2, products of 
absorption coefficients and the half-width of the 


1350 


A-band are plotted against those decrements of the 
F-band in Fig. 3. If we assume a one to one 
conversion from F’-centers to A-centers and further 
that the excited states of A-centeas do not overlap 
with F-band, we obtain a ratio of oscillator 
strength of the A- and F’-band to be 0.62. from 
the gradient of Fig. 3. Thus we get 0.50 for fu 
adopting fy,=0.81. 
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Fig. 3. Products of absorption coefficients and 
the half-width of A-band versus those decre- 
ments for F-band. (@): for the same sample as 
Fig. 1. and 2. A: for the sample having 4.0 
«1016 F-centers per cc. The gradient of this 
line shows the ratio of the oscillator strength 
of the A-band to that of the F’-band. 
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Fig. 4. The concentrations of increasing M- 
centers versus decreasing A-centers for various 
concentrations of F-centers. Ordinate is funy 
and abscissa is (N4j—Na). @; for the same 
sample as Fig. 1 and 2. A; for the sample 
having 1.6x10!6 and x; for 4.01016 F-centers 
per cc. 


In the second stage (region II), linear dependence 
of the concentrations of decreasing A-centers upon 
those of increasing M-band was held till the R-band 
is enhanced by further illumination as shown in 
Fig. 4. Since the variation of the F-band in this 
region was insignificant, it may be concluded that 
the M-band appears at the expences of the A-band 
by F-irradiation. 

The studies of the last stage (region III) has been 
already carried out by several authors?). 

We wish to express our thanks to Professor H. 
Kawamura for giving us his whole-hearted guid- 
ances in the course of this work. 

This work was supported by the Scientific 
Rsesvarch Fund of the Ministry of Education. 
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Absorption Band due to a Presence of 
Impurity Bromine in KCl Crystal* 


By Koichi KOBAYASHI and Tetsuhiko TOMIKI 


Department of Physics, 
Tohoku University, Sendar 


(Received April 27, 1960) 


During the course of our study in preparing pure 
alkali chloride crystals, we have found an absorption 
band due to the presence of impurity bromine in 
KCl at the edge of its fundamental absorption. It 
is a purpose of this note to report it briefly. 


Crystals studied are listed in Table I. These 
Table I. 

Crystal niece | OH/cc [Br] 
KCl-aK-1 1x10 | 2x 1015 S) elles 
KCI-HA-1 1}9x10 | 8x10 | 7.1x10-5 
KCl-be2K-1 8x 1015 | 2x 1015 P< 1Ome 
KCl-bK-1 41015 | 2x 1015 13 x1074 
KCI-dK-1 |7x101 | 2x10 | 3.6x10-+ 
KCl-be2K-2 | 1x10 | 2x 1085 8.1 10-4 


were grown in air by Kyropoulos technique. The 
crystal, KCl-aK-1, was made from KCl powder 
prepared from KHCO; and HCl). KCI-HA-1 is a 
Harshaw crystal. Others were grown directly from 
KCl powders of reagent grade obtained from 
different sources. mn/cc is a concentration of 
electric carriers estimated from low temperature 
ionic conductivity, which may be a measure of 
concentration of multivalent metallic ion impurities. 
The amount of OH ions was estimated optically 
from the absorption band at 204my2). The con- 
centration of bromine in the crystal was determined 
chemically?) and is shown in mole fraction. 
Absorption curves at the fundamental absorption 
edge were measured at 12°C. Those are shown in 
Fig. 1. The reflection loss was considered for 


* A part of the present work has been carried 
out during our temporary stay in Prof. Kanzaki’s 
laboratory of the Institute for Solid State Physics, 
University of Tokyo. 
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Fig. 1. Absorption curves of KCl crystals. 


correcting data. It may be seen from this figure 
and Table I that the location of the edge does not 
depend upon the concentration of multivalent 
metallic ion impurities or hydroxyl ions, but is 
related to the bromine concentration in such a way 
that it is shifted to longer wave length side with 
an increase of bromine concentration. 

Results in Fig. 1 suggest a presence of a unique 
absorption band at the edge. Curves in Fig. 2 were 
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Fig. 2. Absorption bands due to the presence of 
bromine in KCl. The fundamental absorption 
edge for KCl-aK-1 is shown as a broken line. 


obtained by subtracting the absorption curve for 
KCl-aK-1, which contains the least bromine, from 
curves for other crystals. They are bands which 
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grow certainly with an increase of bromine con- 
centration. Therefore, one may conclude that 
they are due to the presence of bromine in KCl. 
The half width characteristic of these bands is 
found to be 0.18 eV if their shape is symmetric. 
The oscillator strength is estimated roughly as 
0.07 assumed that the absorption is due to bromine 
itself. The long wave length side of this band 
below one third of its maximum fits nicely to the 
Urbach rule of constant temperature. 

We wish to thank Professor M. Ueta for giving 
us an opportunity to use his spectrometer and to 
Professor H. Kanzaki and Mr. S. Tamura for their 
helpful discussions. A part of this work was 
supported by the Research Grant from the Ministry 
of Education. 
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Induced Magnetic Anisotropy of Evaporated 
Ni-Fe Films 


By Minoru TAKAHASHI, Denjiro WATANABE 
Tatsuo KONO and Shiro OGAWA 


The Research Institute for Iron, Steel and 
Other Metals, Tohoku University, Sendai 


(Received May 7, 1960) 


The systematic and detailed study on the induc- 
ed magnetic anisotropy of evaporated films of 
metals and alloys has recently done by Andra et al.1), 
but any quantitative and direct measurement of 
the anisotropy of Ni-Fe alloys has never been car- 
ried out over a wide range of Ni composition. It 
has been, therefore, desired to study the magnitude 
and the composition dependence of induced magne- 
tic anisotropy of these evaporated alloy films. 

The alloy films were evaporated on a quartz 
plate under a magnetic field of Ha=250 Oe.. The 
thickness was kept at 600A. The apparatus for 
measuring the torque is the same as reported be- 
fore2). Some examples of torque curves are shown 
in Fig. 1 for 65% Ni-Fe films. Each torque curve 
represents an average value of two curves which 
were measured clockwise and counter-clockwise. 


Qn 


The rotational hysteresis loss, W,=—\ Ldé, is 
0 


plotted against the measuring field in Fig. 2. As 
seen from Figs. 1 and 2, the torque curves are 
considerably deformed at the field strength corres- 
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(e-); Temperature of substrate is at room temp. 

x; Temperature of substrate is at 300°C. 

A; The substrate was held at 300°C, heated to 
450°C and annealed at this temperature for 
2.5 hours in magnetic field. 
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constant as a function of field strength in mea- 

surements. Meaning of the marks is the same 

as in Fig. 1. 
ponding nearly to the peak of the rotational loss 
(Hy =2Ku/Is=H-). At very low field on the other 
hand, the curves are almost unidirectional and are 
expressed in K,sing. As the field strength in- 
creases (>H~p), the torque curves begin to be pro- 
portional to sin29. These facts are analogous to 
the case of small particle permanent magnet?). 
The torque curves corresponding to the field 
strength more than 200e were analyzed by the 
Fourier method, and values of the coefficient of 
sin 28 were shown in Fig. 2. As seen from this 
figure, Ky, is not saturated even at 400 Oe for the 
films evaporated on the substrate held at room 
temperature. Therefore the saturated values of 
K, were obtained by extraporation to the infinite 
measuring field. These saturated values are plott- 
ed in Fig. 3, where the curve obtained by Chika- 
zumi*) for bulk specimens is also illustrated. The 
interesting features are as follows: (i) The aniso- 
tropy values are extremely large in thin films and 
the maximum value exists at 50% Ni-Fe. The 
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Fig. 3. Uniaxial anisotropy constant against Ni 
composition. Meaning of the marks is the same 
as in Big. 1, 


substrate was held at room temperature in this. 
case. (ii) When the substrate was held at 300°C on 
evaporation and cooled or annealed at 450°C for 
2.5hours after evaporation, the maximum value is. 
displaced to 65% Ni-Fe. 

The origin of the extremely large value and 
large sensibility to heat treatment of the aniso- 
tropy may not be explained by the atomic pair 
orientation theory alone>). The detailed report 
will be published in the near future. 


References 
1) W. Andra, Z. Mélek, W. Schiippel und O. 
Stemme: Naturwiss. 46 (1959) 1; J. Appl. 


Phys. 31 (1960) 442; Ann. Physik 5 (1960) 174. 

2) M. Takahashi, D. Watanabe, T. Sasagawa, H. 
Saito and S. Ogawa: J. Phys. Soc. Japan 14 
(1959) 1459. 

3) ToS. Jacobs’ and Fs &. Luborsky; Proc.) Cont- 
on Magnetism and Magnetic Materials (Boston, 
1956) 145. : 

4) §S. Chikazumi and T. Oomura: 
Japan 10 (1955) 842. 

5) (Lye Necl = Phys radium als (9542255 Ss 
Taniguchi: Sci. Rep. Res. Inst. Tohoku Univ. 
AZ (1955) 269. S. Chikazumi: J. Phys. Soc. 
Japan 11 (1956) 551. 


J: Phys: Soc 


J. PHYS. Soc. JAPAN 15 (1960) 1352~1353 


Fixing of Magnetic Moment of Ferromag- 
netic Fine Precipitates in Cu-Co Alloy 
during Aging 


By Kazuo KOBAYASHI 
Geophysical Institute, University of Tokyo 
(Received May 13, 1960) 


Recent investigations!)»4) have shown that, in the 
isothermal aging of Cu-Co alloy, the separation of 
Co-rich ferromagnetic phasme fro the nonmagnetic 
Cu matrix is completed in the initial stage of pre- 
cipitation, and with increasing time the average 
particle size increases in such a way that the total 
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volume of precipitates remains constant. It has 
been concluded that the particles are first super- 
paramagnetic, then stable single domains and finally 
become multidomain particles. In the present study 
this sequence of magnetic behaviours has been 
examined more explicitly by a successive measure- 
ment of both reversible and remanent magnetiza- 
tions during annealing in various intensities of 
magnetic field. 

The specimen containing ca. 2wt% Co, balance 
Cu was formed into a rod of about 4cm in length, 
0.8cm in diameter and was appropriately heat- 
treated to form a uniform solid solution. Measure- 
ments were made with a high temperature ballistic 
method during the annealing at 750°C in 
intensities of magnetic field up to 500 Oe. 


various 
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Fig. 1. Change of total, remanent and reversible 
component of magnetization (hollow and solid 
circle and broken line, respectively) as a func- 
tion of aging time. 


Fig. 1 shows an example of these measurements. 
Reversible magnetization due to superparamagnet- 
ism (except in later stages of precipitation) is as- 
sumed to be equal to the difference between the 
magnetization with applied field and 
magnetization. It is noted that the intensities of 
superparamagnetism and remanent magnetization 
arrive at their maximum values after constant time 
of aging, almost independently of the intensity of 
the applied field. The curves show that the 
| magnetic moments of precipitated particles are 

fixed along the direction of the magnetic field 

‘within a short time interval after the appearance 
of the maximum superparamagnetism, and the re- 
| manent magnetization first increases and then 
_ gradually decreases asa result of the formation of 
magnetic domains. 

Fixing of magnetization of the system of super- 
paramagnetic particles may be interpreted in terms 
of so called “freezing” of magnetization in the 
similar form as the theory of thermoremanent 
magnetization given by Néel?), as already suggested 
by Haigh). Néel derived the following formula of 
relaxation time -¢ for the reversal of spontaneous 
magnetization of single domain grains due to the 
thermal Brownian agitation in zero field; 


remanent 
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In this expression, v is the volume of the particle, 
K the anisotropy per volume, f afrequency factor 
of the order of 10-9 sec-!. Because of the exponen- 
tial dependence of r on »/T, there is a fairly well 
defined value of a¢=(v/T), at which the transition 
from r<t to rt occurs (t; time for experiment). 
When v/T<a,~ the magnetization of each grain 
is aligned statistically along the direction of applied 
field in a manner analogous to the Langevin para- 
magnetism of moment-bearing atoms. This state 
of magnetization is frozen and memorized when v/T 
exceeds a, on the account of the decrease in tem- 
perature or owing to the growth in the size of the 
particles. The former is the case treated by Néel, 
while the latter will be the case of the remanent 
magnetization observed in the present study. 


oe 0 100 200 30 400 


500 Oe 
—sy 


Fig. 2. Field dependence of peak intensities of 
superparamagnetism (hollow circles) and rema- 
nent magnetization (solid circles). 

Field dependence of maximum intensities of super- 
paramagnetism and remanent magnetization is 
shown in Fig. 2. It is remarkable that the inten- 
sity of remanent magnetization approaches satura- 
tion in an applied field below 100 Oe, which is 
very weak compared with the coercive force of the 
alloy in a magnetically-stable stage (several hund- 
hee oersted, by Mituit)). This fact also indicates 
that the remanent magnetization is due to the 
freezing mechanism. 

The analysis of the present study can be extended 
to the interpretation of some problems in rock- 
magnetism, especially to that of chemical remanent 
magnetization of ferromagnetic minerals. Detailed 
consideration, however, will be discussed else- 
where?’. 
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Ferrimagnetic Resonance in a Single 
Crystal of Europium-Iron Garnet 


Tomonao MIYADAI, Hisao TAKATA 
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It was shown previously by us!) that the g-value 
of polycrystalline europium-iron garenet (Eu3Fe;Oj2) 
has an appreciable temperature dependence and the 
full line width (~1200 Oe at room temperature) in- 
creased rapidly at low temperatures. Data are 
now taken for a single crystal specimen, and these 
have shown good agreements with the recent theory 
of Kittel?)3) on the ferrimagnetic resonance in 
garnets. 

Measurements were made on a single crystal 
sphere of 0.59mm in diameter in the temperature 
range between liquid nitrogen and Curie point 
(~300°C). The microwave frequency used was 
18,320 Mc/sec. The sample was mounted such that 
it could be rotated about a <110> direction. 

g-values and K,/Ms; were calculated from the re- 
sonance fields for three principal axes!) and are 
shown as functions of temperature in Fig. 1. 
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Fig. 1. gerr and —K;,/Ms (cubic anisotropy field) 
vs temperature, dashed curve represents the 
calculated one by Kittel’s formula. 


Below room temperature, g-values for the single 
crystal are slightly smaller than those for poly- 
crystalline sample and show a somewhat stronger 
temperature dependence; this is a conclusion deriv- 
ed from Schlémann’s theory*) on internal fields for 
ferromagnetic reasonance in polycrystalline ferri- 
tes. Ki/Ms; of HulG is negative and an order or 
more larger than that of YIG. The line width 
varies with temperature as shown in Fig. 2. 

Although, in all temperatures investigated, 4Haco» 
seemed to be the narrowest, differences among the 
line widths for three principal axes are within the 
experimental errors (~10%) except near —70°C 
where 4Hai> is fairly broader than the others. 
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Fig. 2. Line width (4H au>)vs temperature. 


The line width at room temperature is about 600 Oe 
and equal to half the one for polycrystalline 
sample. 

Both the g-value and its temperature variation 
can be explained very well by Kittel’s theory which 
assumes that the spins of rare earth ions are high- 
ly damped while ferric ion spins are not. Kittel’s 
theory2) predicts that the effective g-value for fer- 
rimagnetic resonance in garnets is expressed by 
gerr=g( Y){Ms(M)/Ms(Y)} where Ms; is the satura- 
tion moment and Y refers to YJG and M to MIG. 
In Fig. 1 is also shown gers for HulIG calculated 
by the above relation using the data‘) for the sa- 
turation moments of YJG and HulIG. As can be 
seen, the calculated and the observed curves are 
in good agreement. Kittel’s theory?) further pre- 
dicts that the line width increases with increasing 
temperature at low temperatures, passes through 
a maximum, then decreases and at last increases 
rapidly just below the Curie temperature. The 
observed line width for HulIG shows the same 
temperature dependence as thetheory predicts. 

Kittel noted that the theory does not apply to 
the ions in L=0 or J=0 states. Since the ground 
state of Hut has J=0, the theory would not 
apply. The theory, however, seems to hold very 
well in the case of HuIG as described above. It 
may be expected that excited states with J-+0 are 
mixed with J=0 ground state. 

The authors wish to express their thanks to Mr. 
T. Ito of Nippon Television Company for measure- 
ments. 
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Electrical Properties of Chromium Sulfides 


By Takahiko KAMIGAICHI, Kan-ichi MASUMOTO 
Minami Brach, Hiroshima University 
and Tadamiki HIHARA 
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The electrical conductivity and the thermoelec- 
tric power of chromium sulfides, CrS, with 1.00 
<a#<1.20, were measured between the liquid nitro- 
gen temperature and 600°C in order to clarify the 
mechanism of conduction in these materials. 

The specimens were prepared in the following 
way. A proper quantity of chromium metal blocks 
and sulfur powder were put into an evacuated 
silica tube, and then the tube was heated at 1000°C 
to make a direct reaction between chromium and 
sulfur. 

The specimens thus obtained were examined by 
means of X-ray. The specimens with 1.00<a< 
1.13 have two phases of the monoclinic and the 
NiAs structures, and those with 1.14<a%<1.20a 
single phase of the NiAs structure. These results 
are in agreement with those obtained by Jellinek”). 
For all the specimens a superlattice structure was 
found, the unit cell of which was twenty four 


times ((2)’ 3 a)?X2c) as large as_that_of the pure 


NiAs structure, a and ¢ being the lattice constant 
in the hexagonal lattice and given by 3.47A and 
5.75A, respectively. This superlattice structure is 
the same as that previously reported by Haraldsen?) 
and Yuzuri et al.3) 

The specimens with «<1.12 are p-type semicon- 
ductors (10-!~1 ohm~!cm~!) at room temperature, 
but their conductivities increase about 103 times 
between 300°C and 500°C. On the other hand, 
those with #>1.13 are metallic conductors 
(10? ohm-! cm!) with negative thermoelectric po- 
wers. Some results of electrical conductivity and 
thermoelectric power measurements are shown in 
Figs. 1 and 2. In order to clarify the nature of 
the anomalous increase of conductivity with in- 
creasing temperature for x<1.12, a powder photo- 
graph of «=1.00 was taken at 570°C. It showed 
patterns of pure NiAs structure with a=3.44A 
and c=5.63A. This results indicates that the an- 
malous increase of conductivity is due to the 
transition from the two phases of the monoclinic 
and the NiAs structures to the single phase of the 
pure NiAs structure. Similar X-ray analysis of « 
—1.17 at 570°C showed that the superlattice struc- 
ture vanishes and the specimen also has the pure 
NiAs structure. 

The poor conduction in the two-phase region 
may be ascribed to the monoclinic structure in 


Short Notes 1355 


which the ionic binding might play a predominant 
role. The metallic conduction in the NiAs struc- 
ture is due to the increase in the covalent or 
metallic nature of bonding in this structure. 
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Fig. 1. Electrical conductivity of CrS,x as a func- 
tion of temperature. 
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Fig. 2. Thermoelectric power of CrSx with res- 
pect to copper as a function of temperature. 


It is to be noted that the conductivity of y=1.17 
does not show even slightest anomalies at —120°C 
where the ferrimagnetism disappears suddenly. 

The authors wish to thank Prof. H. Tazaki for 
his interest and encouragement and Prof. E. Hira- 
hara for the allowance for using the high tempera- 
ture X-ray camera. 
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Exciton-Induced Photoconductivity of 
U Centers in KCl Crystal 


By Masayasu UETA and Masamitsu HIRAI 


Department of Physics, The Faculty of Science, 
Tohoku University, Sendai 


(Received May 25, 1960) 


Previously!) we have reported on the measure- 
ment of the quantum efficiency of the exciton- 
induced photo-chemical conversion of a U center 
to an F' center, and it was determined to have 
a value of nearly unity with light of wavelength 
shorter than 183myz and 203mp in KCl and KBr 
crystals, respectively. These wavelengths are in 
the exciton absorption band of the crystals. 

Several mechanisms of the exciton energy- 
transfer to U center are considered; i.e., ionization, 
excitation or thermal destruction with the thermal 
spike as proposed by Seitz). Photoconductivity 
measurements will be valuable to make choice of 
the most probable mechanism among them. 

A KCl crystal (Harshaw Chemical Co.) of 10x10 
x1.4mm containing U centers with a concentra- 
tion of 4.3x 10!7/c.c. was clamped between electrodes 
and an electric field of 1400 volt/cem. was applied to 
it. Light illuminations were performed along the 
direction of the electric field through holes drilled 
in one electrode. The ultra violet light from 
a hydrogen discharge lamp was monochromated 
with a vacuum grating monochromator. The purity 
of the monochromatic light was 1 mp and the inten- 
sity was the order of 101! and 5x10!! photons/cm?. 
sec. in the region of 170 mp-200 my and 200 mp- 
240 my, respectively. Photocurrents were measured 
with a Cary Model 31 vibrating reed electrometer. 
When the photocurrent was below 5x10-!4amp., 
the polarization effect was negligibly small. 

Curve (A) in Fig. 1 is a result showing the photo- 
current as a function of photon energy of the il- 
luminating light at the room temperature in a virgin 
KCl crystal containing Ucenters. Curve A in Fig. 
2 shows the spectral distribution of photocurrent 

obtained from curve A in Fig. 1, with corrections 
of light intensity and the absorption spectrum of 
the crystal. 

For the comparison, the spectral distribution of 
the quantum efficiency of U>F conversion by light 
was referred in Fig. 2 curve B, which was reported 
previously. From these figures, it is seen that the 
correspondence between the spectral variations of 
the photoconductivity and the quantum efficiency 
of the photo-chemical conversion of U-F is quite 
satisfactory. Therefore, the conversion of U>F 
by the exciton will be due to the induced ionization 
of U centers. 


When the crystal was suffered from long period 
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Fig. 1, Photocurrents in KCl crystal containing 
U centers at 20°C. 
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Curve A: Spectral distribution of photoconduc- 
tivity. 
Curve B: Spectral distribution of quantum ef- 


ficiency of the photo-chemical U>F conver- 
sion. 

Curve C: Absorption curve of the KCl crystal 
containing U centers. 


illumination of ultra violet lights from the hydro- 
gen lamp through a fused quartz window, more 
than 50 per cent of U centers were converted to 
F centers. In this crystal, the photoconcuctivity 
was found to decrease to quite a small value as 
shown in Fig. 1 curve B. If the crystal was suc- 
cessively illuminated by white light, F’ centers dis- 
appeared and the concentration of 
recovered to the initial state. 


U_ centers 
In spite of the U 
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center recovery, the photoconductivity was. still 
small as shown in curve C. However, after the 
crystal was annealed at 200°C for one hour, photo- 
conductivity began to recover as shown in curve 
D, and after the thirty hours’ annealing at the 
same temperature, it was found to have nearly the 
same photocurrents as the initial virgin crystal as 
shown by curve E. 

In a crystal containing OH ion the photocurrent 
was not detected. 

The results of very small photoconduction in the 


Short Notes 


1357 


attributed to the formation of vacancies and some 
other imperfections by the irradiation of ultra 
violet light. These imperfections will be effective 
to the trapping of electrons released from U centers 
and will cause the shortening of the Schubweg of 
electrons. 


A full report will be submitted in this journal. 
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Excitation Functions for Alpha-Induced Reactions on Manganese-55 


By Sigeo TANAKA, Michiaki FURUKAWA, Takashi MIKUMO, Shiro IWATA 
Masuo YAGI and Hiroshi AMANO 


J. Phys. Soc. Japan 15 (1960) 545 


The measured cross sections for the reactions resulting Mn*4, Co58, and Co%¢ (in Figure 3 and Figure 
4) should be multiplied by 1.23, 1.23, and 1.67, respectively. The disintegration rates of Mn*4, Co%8 and 
1.67, respectively. The disintegration rates of Mn, Co%® and Co%® and Co%® were calculated from the 


y-ray measurement in a poorly defined geometry (in §3 on p. 548). 


However, it has become clear from 


the present authors’ subsequent work that the calculated photopeak efficiency (the 26th to the 32nd line 


from the top on p. 546, right) is not correctly applicable to this experiment. 


The above corrections 


‘are based on the y-ray measurements calibrated by the various standard sources, the disintegration 
rates of which have been determined by a 7-7 coincidence counting and a 4r$-counting. 
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Angular Distribution of n-p Scattering at 14.1 MeV 


By Teruo NAKAMURA 


Department of Physics, Faculty of Science, Kyoto University 
(Received Aprii 18, 1960) 


The angular distribution for the scattering of neutrons by protons was 
obtained at 14.1 MeV by observing the recoil protons by the use of a 
counter-telescope consisting of a polyethylene target, two proportional 
counters and a CsI scintillator. The data obtained at scattering angles 
of 165°, 146°, 118° and 89° in C.M.-system were given with statistical 
errors of about 1%. The ratio of the cross sections at 180° and 90° in 
the center-of-mass system was found to be 1.080+0.016 from a least 


square fit to the form A+B cos? ¢. 


transmission. 


Therefore it may be concluded that 
anisotropy of the angular distribution is confirmed quite clearly. 

The absolute values of differential cross sections at various angles 
were normalized using the total cross section 689+5mb measured by 


The values are in good agreement with the results pre- 


dicted from the nuclear potentials with “ one-pion-exchange-tail ” proposed 
by members of the Nuclear Force Group in Japan. 


§1. Introduction 

Hitherto the angular distributions of fast 
neutrons scattered by protons were studied 
‘by many authors” to obtain the information 
about the nature of the interaction between 
neutrons and protons. All experimental re- 
sults in the energy range of less than 10 MeV 
are consistent with the assumption of spheri- 
cally symmetric scattering predicted by theo- 
ries?. For neutron energies above 10 MeV 
appreciable deviation from symmetry is pre- 
dicted, depending upon the nature of the 
forces assumed for the neutron-proton inter- 
‘action, and was confirmed quite clearly by 
experiments at somewhere above 10 MeV 
neutron energy. At 17.9MeV the ratio of 
the neutron scattering cross sections at 180° 
‘and 90° in the center-of-mass system has 
been reported as 1.08 0.03 by Galonsky and 
‘Judisch®. The ratio becomes more larger as 
the neutron energy increases, and has been 
reported as 3.15+0.10 at 90 MeV by Stahl 
‘and Ramsey”. 

At the neutron energies in the region be- 
tween 10 and 15 MeV, however, it seems that 
no decisive conclusion has been obtained, al- 
though some reports’) have been presented. 

The present work was undertaken to obtain 
more reliable information about the anisotropy 
of the angular distribution of neutrons scat- 
tered by protons, using a counter-telescope 
under an improved condition of decreasing 
systematic and statistical errors. Further- 
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more, another purpose of the present work 
is to check the nuclear potential with “ one- 
pion-exchange-tail ” proposed by members” of 
the Nuclear Force Group in Japan. 


§2. Experimental Apparatus and Procedure 


The experimental arrangement is shown 
schematically in Fig. 1. Neutrons were pro- 
vided by the T-d reaction, employing mag- 
netically analyzed atomic deuteron of 300 keV 


deuteron beam __1 


T-Ta rg et 


neutron 


| 
| 


polyethy|ene 
Target 


Fig. 1. Experimental arrangement (schematically). 
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from a Cockcroft-Walton machine. The triti- 
um target consisted of 14 curies absorbed in 
a 6.6mg/cm? titanium thick foil and was 
bombarded with a steady beam of several 
»A. Neutron production was estimated to be 
about 510% neutrons/sec. Neutron flux was 
monitored by counting the recoil alpha parti- 
cles from the T(d,m)He‘ reaction using a 
proportional counter filled with argon and 5% 
CO: at a pressure of 38cmHg. The monitor 
counter was placed at 150° direction with re- 
spect to the deuteron beam. A typical pulse- 
height distribution of the alpha particles is 
shown in Fig. 2. During the experiment, all 
pulses above a certain bias (shown by an ar- 
row in Fig. 2) were counted for monitoring 
neutron flux. 

The interaction of neutrons with protons 
was studied by observing recoil protons origi- 


700 
600 
500 


400 


COUNTS PER CHANNEL 


0 10 20 30 
PULSE HEIGHT (VOLT) 


Fig. 2. Pulse-height distribution of alpha parti- 
cles from the T(d, n)He# reaction in the monitor 
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nating in a polyethylene foil in the counter- | 


telescope. The polyethylene target was located 


at a distance of 14.8cm from the neutron — 
source, and at 90° direction with respect to | 
the deuteron beam. At this position the in-— 
cident neutrons were monoenergetic with an _ 


energy of 14.10+0.05MeV. The counter- 
telescope was mounted on an indexed stand 
and could be rotated in a horizontal plane 
about a vertical axis lying in the plane of the 
polyethylene foil. The foil was 2.45cm in 


diameter, and 10.1 mg/cm? in thickness. It 


was backed by a lead sheet (1 mm) to reduce 
the background. A small bar magnet was 
mounted on the top of the axle, at the other 


end of which was the polyethylene target. | 


And the bar magnet allowed the target to be 
rotated inside the counter-telescope by means 


of an external magnet in order to expose > 


either the polyethylene foil or the lead blank 
to the counters and the scintillator of the 
instrument. 

The counter-telescope consisted essentially 
of two proportional counters and a CsI scintil- 
lation crystal with light-pipe coupling to a 
photomultiplier as shown in Fig. 3. 


protons emitted along the telescope axis travel 
through the two counters and strike the CsI 
crystal of the scintillation detector. 

The proportional counters were filled with 
argon and 5% CO: at a pressure of 7.6cm 
Hg. They were made of brass cylinders, and 
the inner wall of the first counter was lined 
with a lead sheet (1mm) to reduce the back- 
ground of charged particles produced in the 


counter. Bias limit is indicated by an arrow. 
wall. 
Bar magnet Proportional CounTers Lig h+Pipe 
Glass Al-foit 
Lead 
Backing 


Polyethylene 
Ca rg et 


ig hal rystal 


Fig. 3. Counter-telescope. 
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The CsI crystal was in the form of a disk 
of 2.5cm in diameter and 1 mm in thickness. 
The crystal was pasted with grease on the 
surface of the lucite light-pipe leading to the 
photocathode of an RCA type 5819 photo- 
multiplier. 

The pulses resulting from the ionization in 
the two proportional counters and from the 
scintillation in the CsI crystal were amplified 
and fed into a triple coincidence circuit. The 
coincidence output pulses opened the gate of 
a ten channel pulse-height analyzer in time 
to receive the delayed pulse-height represen- 
tations of the scintillation detector. A schema- 
tic representation of the counters and the 
associated electronics are given in Fig. 4. 
Overall stability of their electronic circuits 
was found to be sufficiently good and the 
fluctuation did not exceed 2% a day. 


Fig. 4. Schematic representation of the counters 
and the associated electronics. 


In the present work the coincidence count- 
ing rate of the counter-telescope was about 
one count per second, with single counting 
rates of about 900, 600 and 15 per second in 
the proportional counters and the scintillation 
detector, respectively. Therefore, the count- 
ing rate of the accidental coincidence was 
estimated to be less than 10-*/sec from the 
resolving time of the coincidence circuit. The 
ratio of the background in the coincidence 
counts to the true counts of recoil protons 
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from the polyethylene target was measured 
to be about few per cent from the blank test. 

For the test of the proportional counters, 
the pulse-height distribution of “dE/dx pulses” 
of recoil protons in a proportional counter 
was taken by the ten channel pulse-height 
analyzer gated by triple coincidence pulses. 
The pulse-height distribution obtained is in 
agreement with a Landau curve’) as shown 
in Fig. 5. During the experiment, all pulses 
above a certain bias (shown by an arrow in 
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Fig. 5. Pulse-height distribution of “dH/dx 


pulses ” in a proportional counter. The smooth 
curve represents the distribution calculated from 
the Landau and Symon theory. 
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Fig. 6. Typical pulse-height distributions of re- 


coil protons at various angles. Dashed curves 
represent backgrounds measured by the blank 


test. 
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Table I. Total counts of recoil protons at various angles. 
Oo Ons bee ROMS ADDS 

Total coincident counts 14,563 14,465 13,047 11,035 
Monitor counts 5,979,773 6,250,895 6,250,895 6,501,358 

: Back ground counts 147 ioe o 175 237 
Monitor counts 1,310,278 wtincicilisi 1,361,454 1,361,172 
Net counts of recoil protons 23..23 22.13 19.12 15.23 
per monitor 104 counts 
Statistical error per 0522 All 0.21 0.20 
monitor 104 counts (1.0%) (1.0%) (1.1%) (1532) 


Fig. 5) were fed to the coincidence circuit. 
Typical data of the pulse-height distribu- 
tions of recoil protons are shown in Fig. 6 
for various setting angles of the telescope 
axis. Counts per each channel shown in 
Fig. 6 are total counts of several runs. Ina 
run the data of all angles were taken for 
about one hour in order to minimize the rela- 
tive errors of the differential cross sections. 


§3. Results 


Total counts of recoil protons at various 
angles are shown in Table I. In order to 
convert the differential cross sections per unit 
solid angle in the laboratory system to that 
in the center-of-mass system, they are roughly 
divided by 4cos@, where @ is the setting 
angle of the counter-telescope axis with re- 
spect to the direction of incident neutrons. 
For exact conversion, however, the correction 
for the finite size of the polyethylene target 
and the aperture of the detector is necessary. 
Then the differential cross sections in the 
C.M.-system can be calculated from 

Fc.M.(9) = Giav(Poyf4 cos Oo-C(M), (1) 
where C(Q@) is the correction factor for the 
finite size of the target and the aperture of 
the detecting system, and is explicitly formu- 
lated in Appendix of this paper. 

In the first place, the relative differential 
cross sections in the C.M.-system at various 
angles were obtained and the angular distri- 
bution could be fitted to 1+(0.080-+0.015) cos?0 
from a least square analysis to the form 
A+Bcos?@, where the error of anisotropic 
term (40.015) was originated only from sta- 
tistical errors. Although other errors which 
affected the relative values of the cross sec- 
tion seemed to be negligible at small angles 
(9.=0.5° and 15.5°), at large angles (@)=30.5° 


and 45.5°) they were as follows: 

(1) Correction factor C(@.) for the finite 
solid angle of the counter-telescope. Equation 
(A-5) in the appendix was derived almost ex- 
actly, and the uncertainty of the factor C(@o) 
was estimated to be less than 0.1%. The 
relative errors introdnced were negligible. 
(2) Setting angle @ of the counter-telescope 
axis with respect to the direction of the 
center line of the neutron source and the 
polyethylene target. The uncertainty of the 
direction of the center line was 0.1°. The 
relative errors introduced were 0.1% and 
0.2%, respectively. 

(3) The deviation of the center of the poly- 
ethylene target from the turning axis of the 
counter-telescope was measured as 0.35+0.3 
mm by a cathetometer. The errors were 
estimated to be about 0.1% at @)=45.5° and 
were negligibly small at other angles, after 
the corrections of about 0.2%. 

(4) Degraded neutrons originated by scatter- 
ing from the target box surrounding the 
neutron source contributed by about 1% to 
the counting rate of recoil protons. This 
value was estimated from the analysis of the 
low energy tails of the pulse-height distri- 
butions at @=0.5° and 15.5° (see Fig. 6). 
The relative errors arising from these degraded 
neutrons were estimated to be less than 0.3% 
at @)=45.5° and 30.5°. 

(5) The other degraded neutrons scattered 
by other matters such as the floor, walls and 
ceiling of the laboratory could not be evaluated 
definitely, but the relative errors arising from - 
these may be thought less than 0.5% at Q.= 
45.5° and 30.5°. 

Thus, the combined rms errors of the relative 
differential cross sections at @)=30.5° and 
45.5° were estimated to be 1.2% and 1.4%, 


1960) 


respectively. The uncertainty of the aniso- 
tropic term of the angular distribution was 
derived to be 1.6% by a least square analysis 
where the values with errors estimated above 
were used. Therefore, the ratio of neutrons 
scattering cross sections at 180° and 90° was 
calculated to be 1.080-+ 0.016. 


Table II. Differential cross sections per unit 
solid angle of n-p scattering at 14.1 MeV (in 
C.M.-system) obtained by the normalization to 
689 mb of total cross section measured by trans- 
mission. The errors indicated in this table do 
not include the uncertainty due to the error of 
the total cross section 689+5 mb of n-p scat- 
tering. 


6 165° 146° 118° 89° 


“eee 59.1+0.6 58.3+0.6 56.2+0.6 55.0+0.7 


Final results of the differential cross sec- 
tions in the C.M.-system are shown in Table 
II and Fig. 7. The absolute values of differ- 
ential cross sections were normalized using 
the total cross section 689-+-5mb measured 
by transmission®. At the normalization the 
angular distribution of scattered neutrons was 
assumed to be of the form resulted from the 
pion theory (see §4 below) rather than the 
form A+Bcos?@. The errors indicated in 
Table II and Fig. 7 do not include the un- 
certainty arising from the error of the total 
cross section, but they were statistical errors 
only. 
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§ 4. Discussion 


In Table III, the ratio of the cross sections 
at 180° and 90° obtained by the present writer 
was compared with the results obtained by 
other workers. It will be seen that the pre- 
sent results are in good agreement with the 
other results within probable errors. It may 
be concluded that anisotropy is confirmed 
quite clearly by the precise data obtained in 
the present experiment. 


Table III. Anisotropy of -p scattering at 14.1 
MeV obtained by various authors. 


Author 


o(180°)/a(90°) 
Barschall et al. 1.06+0.06 
Allred et al. 1.04+0.05 
Seagrave 1.06+0.023 
Present 1.080+0.016 


Now, the present results of the differential 
cross section will be compared with the re- 
sults expected from the meson theory. The 
pion theory of nuclear forces has been verified 
by analysis of almost all low energy two- 
nucleon phenomena below about 20 MeV®, 
taking properly into account the reliability of 
the theory in accordance with the Taketani 
theory”. Therefore, let us compare the pre- 
sent results with those calculated from the 
two-nucleon potential with the “one-pion- 
exchange tail” proposed by Iwadare ef al.® 1”, 
rather than from phenomenological potential 
usually used. The potentials proposed by 
them are as follows: 


Vix)= V(x) (the one-pion-exchange potential) for x >x«\ 


= VoetSi2 Vor 
= Voot+Si2Vor 


= © 


FOG pian) Sates ORL, 
for 0.7 >x > %0 


ROG EEE A 


where x is the inter-nucleon distance in the units of the pion compton wavelength and Voc, 
Vor, Voc and Vor are constants. In the triplet even state, the one-pion-exchange potential is 


written as 


V(x) = —(ge2/4ahe)uc?[1 + Si2(1 +3/4+3/x*)] Gx * the 


and this potential is applied in the outer region of the hard core (x»=0.34), and in the triplet 


odd state 


V(x) =(1/3)(ge?/4iche)uc7[1 + S121 +3/x+3/x?)] e-*/x , 


qM=T1.0, 


Voc=—20 MeV , 


xo=0.32 , 
Voc=—100 MeV , 
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Vor=Vr(x=1) , Vor=0. 
In the singlet even state 


Vi9(n)=—(g.?/4rche)uc* e-*/x , 
x=1.6, x0=0.45 , 
Voc=—20 MeV , Voc=—5 X10? MeV , 


and in the singlet odd state 
V(x) =3( ge?/4chc) uc? e-*/x for «> 0.34, 


Table IV. Phase shifts at 14.1 MeV. 


State Phase shift and mixing parameter (radian) 
3H 38,43), 39,%=1.670 39,7 = —0.021 €,=0.250 
3D» 39.8 =0.027 
3D3+3Gs 393% = —0.004 393”=0.003 €3= —0.794 
3G4 39,8=—0.001 
3G +315 39,%=—0.000 39,” =0.000 é5=— 
SO a 8 Py 3597 =0.138 
3Py 39,8= —0.056 
3 P.+3F’, 39.%=0.013 89,’ = —0.002 €2= —0.472 
33 3938 =—0.003 
87443 Hy, 39,%=0.000 394” =0.000 eo 
1H 185 19)=0.951 
IDs 19.=0.004 
1G, 19,=0.000 
; 10 1p, 19,;=—0.080 
1fg 193= —0.001 
1H; 1§,;= —0.000 


with g.’/4zhc=0.08. .Of course the tensor where k?=1.21E,»X1024cm-2 and °Cn is ob- 
potentials Si2Vor and SizVor are absent in the tained from the table of Matsumoto’s paper 
singlet states. The various phase shifts!” at (but °P2 and *F: must be interchanged in his 
14.1 MeV derived from the above potentials table). 


are listed in Table IV. 600 


For the unpolarized n-p scattering, the dif- a 
ferential cross section was given in the ap- g 
pendix of Ref. 6 and the explicit form of the xe 
first several terms of that equation was given 5 550 
by Matsumoto” or by Rohrlich and Eisen- G: 
stein!?. The equations of the differential 2 
2 ‘ : of PION THEORETICAL 
cross section per unit solid angle are 3 an 
a(0) = (a(0)) + (+0(0) 
res 1804. 40° iO> 60 60 30 0 
°a(0)= Be oa °C Cos” 6 Oem. (deg) 
Fig. 7. Differential cross section of n-p scatter- - 
'a(0)= 5 s 1Cn cos” 6 , ing at 14.1MeV. The solid curve represents 
n=0 


the cross section calculated from the poin theory. 
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The numerical equation of the differential 
cross section at 14.1 MeV is 


o(@) =53.4(1 —0.0535 cos 8+0.0468 cos? 6 
—0.0102 cos* 6 +.0.00526 cos‘ 0) mb/sterad., 


and is shown by a solid-line curve in Fig. 7. 
The present experimental values are in good 
agreement with the pion theoretical results. 
Therefore it can be concluded that these pro- 
posed nuclear potentials are verified also for 
n-p scattering at 14.1 MeV. 
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Appendix 


Derivation of the correction factor C(@o) to 
the finite solid angle will be described. The 
geometry and coordinate systems used in the 
calculation for the derivation of the correc- 
tion factor C(@.) are shown in Fig. 8. The 
number of neutrons which pass through the 
differential solid angle defined by the area 
element on the polyethylene target dA: is 


‘NndA: cos a/d? where N, is the neutron flux 


per steradian from the source, and @ and d 
are defined in Fig. 8. Hence, the number 
of proton recoils from dA: in the differential 


49dAicosa P 
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detector 


Polyethytene target 


Neutron 
Source 


Fig. 8. Geometry of the counter-telescope. R, 
is the radius of the polyethylene target, R, is 
the radius of the aperture of the detector, D 
is the distance between the neutron source and 
the polyethylene target, d is the travelling dis- 
tance of neutrons from the neutron source to 
the area element dA,, L is the distance between 
the target and the aperture of the detector, | 
is the travelling distance of recoil protons from 
dA; to dAz, @ is the setting angle of the 
counter-telescope axis, @ is the angle between 
the travelling lines of the neutron and the re- 
coil proton, a is the angle between d and a 
line drawn perpendicular to dA;, and 8 is the 
angle between / and a line drawn perpendicular 
to dA>. 


solid angle defined by the area element on 
the detector dA: is 
orn (@n( ese), 


No( all Ie 
a cos @ 

where P is the number of hydrogen atoms 
per unit area, oja»(@) is the differential cross 
section in the laboratory-system of u-p scat- 
tering, and 8 and 7 are defined in Fig. 8. 
This equation, when integrated over the planes 
of the polyethylene target and the aperture 
of the detector, gives the equation of the 
counter-telescope counting rate as: 


dA: cos B 


oe (A-1) 


-4.c0s O : 6¢..(8) 


‘where n(Q@) is the counting rate at setting angle @ of the counter-telescope axis, and the 


differential cross section in the C.M.-system ¢c.m.(9) is inserted into djx(9) using the relation 


Of d14»(9)=4 cos Ooo.u.(8). 


In order to evaluate Eq. (A-1), polar coordinate systems (01, 61) and (02, $2) are taken on 
the planes of the polyethylene target and the aperture of the detector, respectively. Then, 


Eq. (A-1) is rewritten as: 


n(@.)=4NnP I foo -L[(DL cos @o.— 01? + D sin Oop: cps $1 


+ p12 Cos (¢1—$2)—D sin op2 cos .)/ 
(D? +p2—2D sin Ao01 cos g1)°/? ‘ (OB ae pr" + 02?—201f2 COS (fi — 2))?] 


X Piz do. doz do: dz , 


(A-2) 
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where D, L and @ are constants defined in Fig. 8. 


This Eq. (A-2) can be integrated analytically, if oc.m.(@) can be assumed to be constant in | 


the region of the integration, giving 


ere | 008 Gof gs Sank 2 sin® @)} 


n(@) = 4NnPoo.m.(8)— 


D*L ie eat | 
be meray 3 sin’ a) | . (A-3) 


where @ is the mean angle (in the C.M.-system) of scattered neutrons in the region of the 
integration, and R: and R» are the radii of the polyethylene target and the aperture of the 


detector, respectively. (Terms of higher order than (R:/D)‘ or (R:/L)* have been neglected, ~ 


since they are negligibly small in the present experimental geometry.) From the counting 
rate equation, the differential cross section per unit solid angle in the C.M.-system is re- 
written as 


oesn (OE Ae / A'cos @s*C(@s) | (A-4) 


where G= N,P(7?R2R2*/D?L*) and C(@o) is the correction factor to the finite solid angle, which 
is given by 


R2+R?  Ri?/ 3 Bhs Ri? Supt: ) 
Q)=1— 2 ih 20, f A-5 
C(@o)=1 | 4 bf 2 sin 60) + ear el = sin? Oo ] Aza) 


LL? D? 
Numerical values of C(@o) calculated by this Eq. (A-5) are shown in Table V. 


Table V. Correction factors to the finite solid Armstrong and L. Rosen: Phys. Rev. 91 


angle at various setting angles. (1953) '90"""J. "D. ‘Seagrave:? ‘Phys. “Kev: 97 

= . = 5 aes ; (1955) 757. 
Oo 0.5 15.5 30.5 45.5 6) J. Iwadare, S. Otsuki, R. Tamagaki and W. 
C(O) 0.9893 0.9900 0.9921 0.9950 Watari: Supp. Progr. Theor. Phys. 3 (1956) 


32 (Part I]). 
7) For example, B. Rossi: High-Energy Particles 
(Prentice-Hall, Inc., New York, 1952) 29. 
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An apparatus consisting of GM-counter hodoscopes and an ionization 
chamber with large area was used to measure cascade showers initiated 
by electrons and photons at 2770 m altitude (Mt. Norikura). The num- 
ber of shower particles deduced from the pulse height of the ionization 
chamber was converted into energy of the electron (or photon) initiating 
the shower. 

The results show that, in the energy range of 2-20 Bev, i) the zenith 
angle distribution of electrons is represented by cos‘ 6, ii) the differential 
energy spectra can be represented by a power law of the form E-’ with 
y of 2.90+0.05 and 2.83+0.05 for electrons and photons respectively, 
and iii) upper limit of the ratio of the number of electrons to that of 
photons is 1.1+0.1. 

The present results were compared with those obtained near sea level 


and the origin of the soft component was also discussed. 


$1. Introduction 

To study the origin of the soft component 
at low altitude, it is desirable to compare the 
results obtained at different altitude. Hither- 
to, measurements concerning the soft compo- 
nent of energy higher than 1 Bev have been 
reported by Schein et al. and by Daion”. 
However, the results reported by Schein et 
al. can not be compared directly with those 
obtained by Chou?) near the sea level, because 
their apparatus used at sea level and at 
mountain altitude were different in their ar- 
_ rangement, and the latter did not report the 
absolute intensities of electrons and photons 
near sea level. In order to compare the re- 
sults at different altitude and to deduce some 
reliable conclusions from them, it is necessary 
to use the same apparatus and the same ar- 
rangement in both measurements. 

In the previous paper® (hereafter referred 
_ to as I) we reported some results concerning 
the soft component of high energy near sea 
level. The same apparatus was used at Mt. 
Norikura (2770 m a.s.l.) to measure the soft 
component at mountain altitude. In the pre- 
sent paper, the results obtained there and dis- 
cussions comparing them with those obtained 
near sea level are reported. 


§2. Apparatus 

The apparatus used to measure the soft 
component is the same as reported il, @x- 
cept that GM-counters composing tray B and 


-and 0.2 g/cm? copper. 


C have effective length of 18.5cm and dia- 
meter of 2.8cm (instead of diameter of 2.0 
cm and of the same length), and the lead ab- 
sorber between tray F and G has thickness 
of 15cm (instead of 10cm in I). Centers of 
the tray AS: and AS» are apart from the cen- 
ter of the tray A by 170cm and 240cm re- 
spectively, and are placed immediately under 
the roof whose thickness is 1.5 g/cm? wood 
Experiments were car- 
ried out in the wooden hut at Mt. Norikura 
in the autumn of 1955. 

The hodoscopes are triggered by the mas- 
ter pulse of C2!D=*I2*, where x is the pulse 
height in terms of unit of Po—a, and the 
pulse height is indicated by the neon lamps 
connected to 12 channel discriminator. 


§3. Analysis of the Data and Results 


Method of analysing the data is quite simi- 
lar to that described in I §3, that is, by in- 
specting the photographs of the hodoscopes, 
and by following the criteria mentioned in I 
§3A, we select, a) single incident electrons 
and photons which do not associate with the 
extensive air shower (EAS) of density 4>4/m?, 
b) multiple incident electrons and photons, 
and c) electrons and photons which as- 
sociate with EAS of density 4>4/m*?. The 
ionization chamber was filled with argon of 
99.9% purity and of 4.0 atm. pressure (at 
0°C), alike in the sea level experiments. 
Therefore, the number of shower particles 
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N, corresponding to the pulse height of unit 
Po—a is 24.0, if the primary electrons (or 
photons) are incident vertically to the absor- 
ber. 
(1) Single incident electrons and photons 
a) Energy spectra of the electrons 
photons 

Integral number spectra obtained by chang- 

ing the pulse height to the number of shower 


and 


Rate per hour (Scale for |,3,and5) 
(Scale for 2,4, and 6) 


2 
10 100 10 100 N 
Number of shower particles 


Fig. la. Number spectra of shower particles in- 
itiated by single incident electron. 
1; Lem Pb,, 2: 2cm Pb, 3: 3.cmiPb, 4: 4.cm Pb, 
5: 4cm Fe, 6: 8cm Fe. 
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particles initiated by the vertically incident 
primaries, are shown in Fig. la and 1b, the 
former is those of electrons and the latter 
those of photons for various thickness of 
absorber. 

These spectra are well represented by the 
form of 


F(> Nz)oc Nz-” (1) 
and the values of v’s are listed in Table I. 


(Scale for 3 and 4) 


(Scale for 1,3, and 5) 


(Scale for 2.4, and 6) 


Rate per hour 


Number of shower particles 


Fig. 1b. Number spectra of shower particles in- 
itiated by single incident photon. 
Li keime Pb, 22 -2.cm P ba 3583 CMy PD 4asna Cot 
Pb, 5: 4cm Fe, 6: 8cm Fe. 


Table I. 
Absorber material Pb Fe 
Absorber thickness lcm 2cm 3cm 4cm 4cm 8cm 
electron 2.70+0.25 2.25+0.14 1.98+0.10 1.86+0.12 2.80+0.28 2.05+0.15 
‘ photon 2.90+0.25 2.28+0.14 2.104+0.10 2.07+0.12 3.08+0.30 2.24+0-15 
electron 2.82+0.17 2.95+0.12 2.9040.10 2.944+0.12 2.57+0.16 2.78+0.13 
(2.86+0°19)* (2.91-0.14)* 
f photon 2.81+0.16 2.80+0.11 2.8140.09 2.85+0.11 2.31+0.13 2.84+0.12 


(2.85+0.18)* (2.87+0.13)* 


* These values were calculated by a’s obtained from the recent paper of Ivanenko.13) 


As stated in I, assuming that the differen- 
tial energy spectrum has the form of E-’dE, 
vy is related with 7 by the relation 


Varo) (2) 


where @ is a constant appearing in the rela- 
tion I (7). 

For the values of a’s for lead, we cited those 
obtained from the calculated results given by 
Ivanenko,* and for iron those given be Snei- 


der and Serber.®) The results thus obtained 
are listed in Table I. 


From these figures, the following values of 


ry are obtained 
3 
for photons. (3) 


fe=2.90+0.05 
Tp =2:83220.05 

where the sufix e and p represent the quan- 

tity for electron and photon respectively. 

(b) Zenith angle distribution of electrons 


for electrons, 
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| An example of the projected zenith angle 
: distribution, which is obtained by the dis- 

charged GM-counters in tray A and tray B, 
is illustrated in Fig. 2, which shows the dis- 
tribution of electrons which initiate the cas- 
cade showers giving pulse height of 0.7 Po—a 
under 2cm thickness of lead. 


N 
100 
w» 80 
< 
o 
3 
60 
— 
° 
o 
2 40 
= 
=) 
Zz 
20 
oe (ee 20" 30 40° ‘ 
Zenith angle 
Fig. 2. Zenith angle distribution. 
os 
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=1.50 x 10-4/cm?-sec. sterad. 
@s,=1-55,x10=*/cm2-sec: 


=1.60 x 10-*/cm? 


sterad. 


-sec. sterad. 


=1.62 x 10-*/cm?-sec. sterad. 


Ce 
=1.89x 10-*/cm? 


‘sec. sterad. 


The increasing values of c. for increasing 
thickness of lead, and the larger value for 
iron can be consistently explained assuming 
that the events classified as single incident 
electron by the criteria I §3 contain some 
nuclear events (§ 4 (i)). Correcting these, we 
obtain 
C.e=(1.45-+0.10) x 10-4/cm?-sterad. sec. BeV. 
(7) 
(d) Ratio of the number of electrons and 
photons 
If we assume that the angular distribution 
for photons is the same as that for electrons, 
and that the rate of containing the nuclear 


*) This is calculated by Ivanenko’s results. 
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As mentioned in I §3, if the primary elec- 
trons have the zenith angle distribution of 
the form cos" 6, that of the electrons giving 
rise to pulse heigher than a certain pulse 
height is represented by the form of cos’ @ 
in our apparatus, where 
(A) 

The curves in Fig. 2 are the projected zeni- 
th angle distribution calculated for the geo- 
metry of our apparatus, assuming m=2, 3, 
and 4. The curve for m=3 appears to fit 
well with the measured distribution. There- 
fore, in this case we obtain by (4) n=5, putt- 
ing a=—1.15 and 7—2.90; 

Other examples of projected zenith angle 
distributions obtained for several thicknesses 
of lead and for 8cm thickness of iron give 
the similar results, and from them we con- 
clude that n=5+1. 

(c) Absolute intensity of electrons 

Absolute intensity of single incident elec- 
trons, is obtained by the relation I (9). As- 
suming the differential energy spectrum of 


G(E)dE=cE dE (5) 


and calculating numerically the integral in I 
(9) for our geometry, we obtained the follow- 
ing value for Ce; 


m=n—a(7—1) 


BeV for 1cm and 2cm thickness of lead 
BeV for 3cm thickness of lead 
BeV for 4cm thickness of lead 


(6) 


BeV for 4cm thickness of iron™ 
BeV for 8cm thickness of iron*) 


events is quite similar to the case of elec- 
trons, we obtain for various thickness of lead 
and iron 

Cs/Gp = 19100. 10 (8) 


It will be noted that this value is the up- 
per limit of the ratio, because we can not se- 
parate individually the particles which are 
incident close together. Moreover, taking in- 
to consideration of the conversion of photons 
by the roof and upper walls of GM-counters 
in tray A, the above mentioned value may 
be lowered to 1.0. 


(Il) Multiple incident electrons and photons, 
and high energy electrons and photons 
associated with EAS 
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Table II. No. of Events>0.7 Po-a ( /hr). 
Absorber material Pb 
mm Aiabe ici lcm 2cm 3cm 4cm 4cm 8cm 
ection eee Ne 5.80+0.40 9.87+0.43 8.58+0.35 6.85+0.55 4.354+0.49 6.02+0.49 
Photon shower 4.88+0.37 8.04+0.39 8.80+0.36 5.80+0.50 3.85+0.46 5.37+0.45 
Multiple soft shower 4.76+0.44 6.65+0.35 3.1540.21 2.23+0.31 0.32+0.13 0.54+0.15 
E.A.S. associated shower 4.50+0.42 6.0740.33 2.62+0.22 1.79+0.28 0.32+0.13 0.44+0.12 
Penetrating shower 0.82+0.16 1.0440.08 2.18+0.32 2.67+0.28 1.12+0.25 2.48+0.32 
» (E.A.S. associated) 2.21+0.30: 1.374+0.10 2.7340.45 3.82+0.33 2.43+0.37 2.25+0.30 
Uncertain events 2.48+0.21 2.25+0.18 1.44+0.28 1.85+0.27 


1.92+0.28 


2.05+0.30 


Counting rates of single incident electrons 
and photons, of multiple incident electrons 
and photons, and of high energy soft compo- 
nents associated with EAS (4>4/m?) are list- 
ed in Table IJ. and the number spectrum of 
multiple incident electrons and photons for 2 
cm thickness of lead is illustrated in Fig. 3, 
as an example. From the table and the 
figure, the followings are found; 

(a) Ratio of the multiple incident electrons 
and photons to the single incident electrons 


| 6) 
rc) 
5 3) 
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Fig. 3. Number spectra of shower particles. 


a: single incident electron 
b: EAS associated electrons and photons 
c: multiple incident electrons 


(or photons) decreases rapidly for 3cm thick- 
ness of lead comparing with that for 2cm 
thickness of lead. This fact shows that most 
of the particles contained in the multiple 
events are not of high energy but only a few 
part are of high energy. 

(b) The number spectrum, as shown in Fig. 
3, is less steep than those of single incident 
electron (or photons) at N<60, but approaches 
to v=2.25 for large N. The difference of the 
values of exponent at N<60 is 0.15. The 
same facts are observed for various thickness 
of absorber material. 

(c) High energy electrons and photons are 
scarcely found in EAS of small density, and 
the rate of existence increases slightly in 
EAS of large density. The same result as 
stated in (a) is also found in them. The 
value of » is less steep than that of multiple 
events, and at large N (>60) it tends to 1.95 
£0.15. 


§ 4. Discussion 


i) Errors involved in the data 

The rate of occurrence of nuclear interac- 
tions involved in the data, which is classified 
as single incident electron (or photon), will 
be known by comparing the results obtained 
near sea level with those at mountain altitu- 
de. Ce at mountain altitude (c.») to c. near 
sea level (Ces) is 3.7 for 2cm thickness of lead 
(1/8 nuclear interactian length), and is 4.6 for 
8cm thickness of iron (1/2 nuclear interaction 
length). From these figures, neglecting the 
nuclear interaction at sea level, we may con- 
clude that the data at mountain altitude clas- 
sified as the single incident electrons (or pho- 
tons) contain nuclear interaction of 20% of 
them for 8cm.iron, and those of 5% for 2cm 
thickness of lead. This will reasonably ex- 
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plain the difference of the values of c. for 
different thickness of lead. Thus, correcting 
for the nuclear interaction, we obtain for Corn 
[Ces, 


Con{ Can 3-52+0,10 . 


ii) Penetrating showers 

The same facts as mentioned in I ($4, E 
(b)) are also observed in this measurements. 
Referring to the discussion stated there, we 
may conclude that the power law with con- 
stant exponent holds for the energy range 
measured and the electron and photon inten- 
sities should be increased by 5% (as the up- 
per limit) taking into account the parallel 
events, in which the electronic components 
and penetrating components are incident on 
the apparatus simultaneously. 
_ The integral energy spectra of soft compo- 
nents, including the events stated in §3 (ID) 
-and the above mentioned, are illustrated in 
Fig. 4. The errors of the total intensity in 
the figure may be nearly 15%, because of the 
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inaccuracy of the energy of electrons and 
photons contained in the multiple events and 
in EAS. 


iii) Origin of electrons and photons 

Assuming that the absorption mean free 
path of nucleons is 120 g/cm? in air, we con- 
clude from the value of ratio Cm/cs that 70% 
of the soft components of energy >2 BeV 
originate from y-mesons and 30% from N- 
components at sea level, and these figures 
are altered to 20% and 80% at mountain 
altitude. This explains also the difference of 
the zenith angle distribution between the two 
altitudes. The zenith angle distribution of p- 
mesons which are the primaries of the soft 
component of the measured energy interval 
at sea level and at mountain altitude is ex- 
pressed by cos®® 6, referring to the intensities 
and zenith angle distribution underground® 
and the momentum spectrum of y-mesons of 
vertical and inclined direction.”) Thus, the 
zenith angle distributions of the soft compo- 
nents at sea level and at mountain altitude are 
expressed by 0.3cos*6+0.7cos**@ and 0.8 
-cos’ 8+0.2 cos®® @ respectively, and they may 
be represented roughly by cos? @ and cos’ @ in 
the interval of measured zenith angle (0°- 
40°). 
iv) Comparison with other measurement 

According to Daion,” electrons and photons 
of energy 0.4-2 BeV have the integra! energy 
spectra of the form E-+”, where 7,=2.5+ 
0.2, and at higher energies the value of 7 in- 
creases at 3200m altitude. We believe that 
the value of 7 increases gradually between 
1 BeV-3 BeV and reaches to 2.9. Schein and 
Chou" reported that y=2.6 between 1 and 30 
BeV for the single incident electrons and 
photons, and y=2.4 for the electrons and pho- 
tons corresponding to the multiple incident 
ones in our Classification. Though their 
values seem to be less than ours by 0.2-0.3, 
one of the causes of the difference lies in tak- 
ing account of the angular spread of the 
shower particles and the zenith angle distri- 
bution of primary particles in our case. We 
confirmed that the energy spectra obtained 
neglecting the above accounts had the nearly 
same form as reported by them. As another 
reason, the difference of height of the places 
where the measurements were performed may 
be also considered. 

Recently, the intensity of the electronic com- 
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ponent of >300 BeV is measured at Mt. Nori- 
kura by I.N.S. emulsion group.” According 
to their preliminary results, intensity at 300 
BeV is 5.4x10-%/cm?:-sec. sterad., and it lies 
on the line extraporated to 300 BeV in Fig. 4. 
Thus, the energy spectrum obtained by us 
seems to hold up to ~300 BeV. 
v) Comparison with the calculated results 
Intensities of electronic components are cal- 
culated by Hayakawa” and by Tachibana,'” 
who calculated the contribution from the y- 
meson decay, the collision process of y«- 
mesons, and z°-meson decay to the electro- 
nic component. Contribution from the y4- 
meson decay and collision, and that from the 
z°-meson decay are also calculated by Strof- 
folini!) and by Cadorin,”) respectively. 
Comparing our results to the calculated 
ones, the followings are clarified qualitative- 
ly: 
a) Values of exponents in the energy spectra 
coincide with the calculated ones within the 
experimental errors at both altitude. 
(b) The calculated ratio of the electronic 
components from y-mesons to those from z°- 
mesons fits well with ours. 
c) The calculated absolute intensities fit well 
with ours in Ref. (9), but in Ref. (10) the dif- 
ference amounts to factor 3 in both altitudes. 
d) The ratio c./c, agrees with ours at sea 
level but it departs from ours at mountain 
altitude (calculated c./c,=0.7, ours 1.10.1). 
Though there are some discrepancies be- 
tween the observed results and the calculated 
ones, it appears to be verified that the origin 
of the soft component at the low altitude is 
explained by the well known processes qualita- 
tively, but there remains some ambiguities 
quantitatively. 


§5. Concluding Remarks 
The results obtained by the present experi- 
ments show that in 2-20 BeV, 
i) the zenith angle distribution of single in- 
cident electrons is represented by cos’ @ at 
mountain altitude, 
ii) vertical flux of single incident electrons 
and photons is represented by 
G.(E)dE 
=(1.450.10) x 10-*E-2-%qE/cm? 
“sec. sterad. BeV for electron 
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G,(E)dE 
=(1.32-£0.10) x 10-*E-?"88dE/cm? 
-sec. sterad. BeV for photon 


iii) vertical flux of the total electronic compo- 
nent is obtained taking into consideration the 
electronic component accompanied by multiple 
events and EAS, and is represented by 


G(E)dE 
=(3.8-+0.5) x 10-#E—@°82+0°05)q E/cm? 
-sec. sterad. BeV 


iv) ratio of electrons to photons, c./Cp, is 1.1 
a0 -15 

v) at mountain altitude, 20% of the electrons 
and photons originate from y-mesons and 
80% from z°-meson decay, and near sea level 
their rates are 70% and 30% respectively, 
vi) origin of the electronic component at the 
low altitude appears to be explained by the 
well known processes. 
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When a polycrystalline carbon is heat-treated for graphitization, large 
thermal stress is produced owing to the interference of the extremely 
anisotropic expansion of each crystallite. The stress of this kind is ex- 
pected to promote the rearrangement of the crystallites, directly or 
indirectly, from the so-called turbostratic structure to the tri-dimensional 
graphite lattice, and so it may be adequately called “graphitization 
stress”. The stress analysis has been made on each of the spherical 
and the cylindrical (filamentarily textured) polycrystals in which the 
carbon crystallites are aligned with the basal planes parallel to the ex- 
ternal surface. These two models accommodate to the structure of pyroly- 
tic carbon particle and to that of fibrous soft coke respectively. It is 
shown that in either of these two cases about 3x 1019 dynes/cm? tension in 
a-direction and about 0.9 x 1010 dynes/cm? compression in ¢-direction can be 
produced by heat treatment at 2500°C, which are enough to buckie the 
crystal lattice at the stress concentrations of 5~20 times and may lead 
to the generation of dislocations. From the corresponding strain distri- 
bution curves, the criterion on the stress relaxation by these disloca- 
tions has been determined in connection with the crystallite size, which 
may give a measure of distinction between the so-called soft and hard 


carbons. 


§1. Introduction 


Previously, by means of electron microscope 
and diffraction, this author!) has revealed 
some structural aspects of graphite connected 
with the dislocations; e.g., pyramidal layer 
growth, conicla crystal habit, laminar cleavage, 
polygonization, net work of etch pits et al. 
Using modern high-resolution electron micro- 
scopes (operated at large magnification above 
x 10,000), Grenall?) and Fujita-Izui*) have in- 
dependently succeeded in direct observation 
of individual dislocations, alignment and mo- 
tion consistent with theoretical prediction, 
lying inside of some natural and artificial 
graphite flakes. These experimental results 
are accepted to corroborate the presence of 
dislocations in the graphite structure. Now, 
it may be significant to investigate how the 
initial dislocations are introduced, during the 
so-called graphitization process of pyrolytic 
carbons. On the origin of dislocations in 
crystals, though the definitive analysis is not 
established at present, some probable me- 
chanisms have been suggested hitherto by 
several authors”; ¢.g., (a) misfit of adjacent 


nuclei generated at local high super-saturation, 
(6) one-dimensional dislocations in the edge 
row of the growing terrace, (c) curvature of 
the growing crystal which has met with im- 
purities, (d) collapse of flat-condensed vacan- 
cies, (e) mechanical buckling of crystal lattice 
caused by stress concentration et al. Among 
these proposals, the mechanisms (d) and (@) 
attract our attention in the respect that they 
are considered to accommodate especially to 
graphite as to be described in the following 
paragraphs. 

In the most cases, graphite crystals are 
prepared by the heat treatment of polycry- 
stalline carbons at extremely elevated tem- 
perature up to 2500~3000°C. Hence, the 
interference of extremely anisotropic thermal 
expansion of each crystallite may arise large 
internal stresses enough to buckle the crystal 
lattice at the stress concentrations of really 
possible magnitude, and may lead to the 
spontaneous formation of dislocations. On the 
other hand, as pointed out by Mrozowski’’, 
the stress of this kind is expected to promote 
the rearrangement of the crystallites from 


1373 


1374 


the so-called turbostratic structure to the tri- 
dimensional graphite lattice, 7.e. the growth 
of the crystallite, and so may be called 
“ graphitization stress” hereafter. This may 
suggest that the mechanism of graphitization 
is in close connection with the presence of 
dislocations. 

The collapse of condensed vacancies which 
may develop to the dislocation ring is pre- 
sumed to easily take place in graphite because 
of the characteristic stacking layer structure 
and of the high temperature treatment, and 
will be discussed in detail separately. 


§2. Basic Models and Equations 


2A. Carbon Spherulite 
Firstly, let suppose a spherical carbon 
particle as schematically illustrated in Fig. 1, 


fi hee ~ \ N\\\ 


Fig. 1. Structure model of carbon spherulite. 

in which the turbostratic carbon crystallite 
are aligned with the basal planes tangential 
to the external surface, so that the c-axes are 
radially oriented arround the centre. By 
means of electron shadow-microscope and dif- 
fraction, Grisdale®) has shown that the struc- 
ture of black carbons resulting from the 
pyrolysis of gaseous hydrocarbons is well re- 
presented by such a model, which is caused 
by the intermediate formation of droplets of 
complex hydrocarbons prior to the solidifica- 
tion. According to him, moreover, the mor- 
phology of carbon products obtained from 
highly cross-linked organic polymers is wholly 
analogous to those for the pyrolytic black 
carbons. Therefore, this model is taken to 
be appropriate, in general, for the structure 
of hard (non-graphitizing) components which 
are left over the organic solvent extraction 
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as the so-called free carbons. Hereafter, the 
structure of this kind may be called “ carbon 
spherulite ”. 

It has been widely accepted that, in poly- 
crystalline carbons, especially the so-called 
hard one, peripheries of the turbostratic cry- 
stallites are tightly hooked by the complicated 
system of criss-cross valence bonds with one 
another. Therefore, in discussing the graphi- 
tization stresses in a carbon spherulite, we 
can regard the the aromatic net planes sur- 
rounding the centre as to be two-dimensionally 
continuous and isotropic in approximation. 
Besides, the strength of the interlayer van 
der Waals bonds oriented along the radius is 
supposed to be nearly even all over the par- 
ticle. Then, if such a spherical elastic con- 
tinuum is heated uniformly, symmetrical 
stress distribution with respect to the centre 
may be obtained, owing to the anisotropy in 
thermal expansion, and so, the condition of 
stress equilibrium of a volume element as 
shown in Fig. 2 is given by the following 
expression 


aor 
[an tae 


Fig. 2. Volume element in carbon spherulite. 


doy 
ap (1) 


where o, and og denote the normal stresses 
in radial and tangential directions respectively 
(shearing components=0). Next, using a 
rectangular coordinate, 1-, 2-axes in tangential 


and 3-axis in radial, we obtain the following 
stress-strain relations; 


er = (G,—09)=0 ; 
Yr 


E+— ay T =S$3307 + 251300 ( 2 ) 
Eg —aAeT=(Si+S12)69+Si36r , (3) 
where T denotes the temperature variation 
from the unstressed state, and &, &, ar, ao 
and si; (t, j7=1, 2,3) severally represent the 
strains, the thermal expansivities and the 
elastic coefficients in the directions indicated 
by the suffixes. 
According to Nelson and Riley”, the thermal Z 
expansivity of graphite unit-cell in a-direction 


| 
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has been known very small, even negative 
below 400°C, as expected for the valence 
bonding. Since the co-planar bond of un- 
graphitized carbon is rather stronger than 
that of graphite, this result may be appli- 
cable in the present case; i.e., the second 
term on the left-hand side of Eq. (3), aT, is 
neglected in approximation. On the other 
hand, representing the displacement in the 
radial direction by mu, the strain components 
are expressed by &+=du/dr and &)=u/r. 
Thus, substituting these relations into the 


equilibrium equation (1), we can obtain an 
Euler’s differential equation as follows; 


piu 


du —_2(Ss3+ Sis) 
ay” dr eee 


dr Si+Sie 

= 2(Si1 +S12+513) 
Sit+Siez 

According to the present model, a; is taken 

to be the expansivity of graphite unit-cell in 

the c-direction determined by Nelson and 


+2r 


aryl -r . 


(4) 


Riley”, 28.3x10-®°°C-1 at room temperature. 
Similarly, the elastic coefficients of graphite 
lattice evaluated by Riley® are used; 7.e., 


S11 +$12=1.8 x 10-13 cm?/dyne , 
Sig —4 oe Ose ea ° 
$33 =58.5 x 10-18 ” 


By solving Eq. (4) under the boundary condi- 


tions u=0 at the centre (r=0) and oa,(u)=0 
at the external surface (r=), the stresses 
and the strains are expressed as the functions 


of 7/R in the following forms; 


ay==|5.4 6 y 5.4} TX 10° dynes/cm? , 
(5,3) 
ay ay el "5.41 Tx 10 : 
wo=| 6(#) : 


(6) 
and 
e=| 12.5 ( Aes Tx10-, (7) 
R 
éo=| 1.72 (7 ysl Tx 10-5. (8) 
R 
2B. Filamentarily Textured Polycrystal . 
The second model is cylindrical one in 


which the basal planes of the crystallites are 
parallel to the external surface, surrounding 
the central axis. In this case, Fig. 1 may 
be taken to represent the cross section per- 
pendicular to the central axis. This model 
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is appropriate for the filamentary texture of 
the so-called soft (graphitizing) cokes which 
is caused by a frozen-in flow pattern, as 
pointed out by Mrozowski®), in the viscous 
fluid at the time of solidification. 

The stress analysis may be proceeded in 
nearly the same way as that for the carbon 
spherulite, taking into account the contribu- 
tions of the axial (z) components. The equa- 
tion of stress equilibrium is given by 


eh (9) 


similar to the condition in two-dimensional 
problem. The stress-strain relations are 


€+— ArT =S3307+S13(69 + 02) (10) 
€9=S1100+S130r+S1202 , (11) 
€z=S1102 +S1307r-+S1200 , (12) 


where the expansivity of aromatic net-plane 
surrounding the central axis is neglected 
G ag=0, az,=0). 

Supposing a infinitely long filament, the 
axial strain € is taken to be zero, and, the 
radial displacement uw is again used as a 
stress function. Thus, we can obtain another 
Euler’s equation as follows, 


au du $11S33 —Sj2 
2 — 
i dr’ git dr Sir— Siz js 
=(1 Sass Jerr (13) 
Sir +Siz 


In the present case, however, the elastic 
coefficients si: and si2 should be separately 
evaluated for the numerical expression. The 
aforesaid Riley’s treatise? on the thermal 
anisotropy of graphite gives only su+si2=1.8 
x 10-!8cm?/dyne. Hereupon, by assuming the 
Poisson ratio of the aromatic plane s12/s:: to 
be 0.3, which is proper value for most iso- 
tropic solids, they are computed at si1=2.57 x 
10-13 and siz=—0.77 x 10-"8cm?/dyne. 

Thus, the final expressions are as follows; 


a1=| 5.85 Gs ) 5.85] 7x 10° dynes/cm: , 


R 
(14) 
Y 3.7 
w={27.4(+) —5.85} 7 x 10 poLizo7i 
(15) 
=| 18.0 (4) -strxi0 , tires 
(16) 
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f= 3.13 2) +18717x10- . (18) 


§3. Numerical Results and Discussions 


3A. Evaluation of Stress 

In order to numerate the graphitization 
stresses, the temperature variation 7 should 
be measured from the point at which the 
solidifications of carbon material just com- 
pletes and the stresses are about to arsie. 
Because of the complex composition of the 
raw materials, such a point can not be uni- 
quely determined in general, but it would be 
safe to roughly estimate that at about 1000°C 
(temperature of industrial baking furnace) the 
volatilization of the organic components 
mostly treminates and the high-polymeric 
plasticity may be replaced by the brittleness 
of the coke structure. In other words, the 
constraint on the expansion of each carbon 
platelets is abruptly strengthened by the in- 
crease of the peripheral criss-cross valence 
bonds, which is coincidently related with the 
transition from the so-called organic semi- 
conductor to the carbon semi-conductor in the 
electron band structure. This estimation is 
in fairly good agreement with the experi- 
mental results concerning the dependence of 
dimensional change®, thermal expansion!” 
and electronic properties!» on the heat treat- 
ment. 

The stresses in the carbon spherulite and 
the filamentarily textured polycrystal at 
2500°C (lowest graphitization temperature) 
computed by putting T=2500—1000=1500(°C) 
are plotted against 7/R in Fig. 3. As seen 
there, the crystallites lying nearby the ex- 
ternal surfaces are severally subject to the 
maximum tension in a-direction, and those in 
the central parts to the compression in all 
directions. The maximum values and the 
ratios to the corresponding Young’s modulei 
of graphite lattice, 1/s11 =39 x 10'! dynes/cm? 
in a-direction and 1/sss=1.7 x10" dynes/cm? in 
c-direction (see § 2), are tabulated as follows: 
(1) Spherulite 

Surface oe=2.6 x 10'° dynes/em?~(150si1)— 

Centre o,=0.81 x10" dynes/em?~(21s33)-! 

(2) Filament 

Surface o@=3.2 x10 dynes/cm?~(120511)~! 

oz=0.98 x 10° dynes/em?~(395s11)-! 
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Centre o,=(=00)=—0.88 x 10"° 
dynes/cm? ~(19ss3)+ 
o2= —1.7X10!°dynes/cm?~(230s11)71. 
In the actual cases, owing to the inevitable 
assymmetry and heterogenity in the con- 
figuration of crystallites, the graphitization 
stresses may be accompanied by some shear- 
ing components other than the normals ite- 
mized above. Basing on the assumption that 
the shearing stress is a sinusoidal function 
of the displacement with period of the inter- 
atomic spacing along the slip plane, the 
theoretical shearing stress tm is expressed by 
b G 


: 19 
CRRLTE 2) 


Tn >= 


where G, 6 and c denote the seear modulus, 
the lattice periods parallel and perpendicular 


Or ,%r,02, (10® dynes/cm® ) 


S 0.5 10 
r/R 


Fig. 3. Stress distribution curves. 


to the slip plane respectively”). 
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Then, sup- 
posing that the abovemensioned ratios in the 
case of normal stresses are crudely equal to 
those of the shearing components against the 
corresponding moduli, one can expect that the 
graphitization stresses give rise to the local 


slip at the stress concentrations of about 5~ 


- severally. 


20 times, breaking the crystal lattice; 7.e. 
the spontaneous formation of dislocations. 
These concentrations may be attained by the 
presence of the microscopic deffects lying in 
the graphite structure a’priori; e.g., cavities 
produced by the evaporation of impurities, 
irregularities nearby the intercrystallite bound- 
aries et al. 


3B. Stress Relaxation by Dislocations 

The strain distribution curves at 2500°C are 
plotted in Fig. 4, corresponding to the stress 
distribution curves in Fig. 3. 

Now, let suppose a crystallite of tangential 
length x and of thickness é7, lying nearby 
the external surface. It is easily understood 
that the crystallite is strained as if a bending 
deformation is given, and the corresponding 
curvature is expressed by 1/0=(1/x)(6x/dr) 
=d&e/dr, where o and 6x represent the curva- 
ture radius and the tangential elongation 
Since the stress is expected to 
buckle the crystal lattice, as mentioned in the 
last sub-section, the bending may be taken 
by plastic flow, and a number of edge dis- 
locations of same sign which have the extra 


‘ half-planes on the outer side are produced in 


the way as schematically illustrated in Fig. 
5. That is to say, the graphitization stress 
is released by the formation of dislocations. 
As well known, the density of such disloca- 
tions (m) is determined by the curvature, 1.e. 
peel cele 1Gtag (20) 

00 b adr 


where } is the magnitude of the Burgers 


vector. 


At the same time, these edge dislocations 
are expected to cause the so-called poly goni- 
zation of crystals, through the migration from 
dispersed distribution to vertical alignment. 
The polyhedral form of graphitized particles 
of carbon black Thermax, which has been 
observed by Kmetko!*) and Kuroda-Aka- 
matsu™), would be explained by this mecha- 
nism. While, it is worthy to note that the 
polygonization has been observed only for the 
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large-particle grade black above 3000A in 
diameter. Kuroda ond Akamatsu have shown, 
in the same experiment, that small-particle 
grade blacks of 300~500 A diameter belonging 
to the typical hard carbon are not polygonized 
by heat treatment, and some of them ulti- 
mately break up into finer fragment at 3000°C. 
In a ward, the graphitization stress in small 
particles can not be relaxed by the introduc- 
tion of dislocations but leads directly to the 
brittle fracture. 

In order to explain this anomaly, our at- 
tention should be focussed on the distribution 
of dislocations. In Fig. 4, one can see that 
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Fig. 5. Formation of edge dislocations by plastic 
bending of crystal lattice. 
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the radial gradient of & steeply increases 
toward the external surface, especially in the 
part between 7/R=0.8~1.0. Therefore, most 
of the dislocations which contribute to the 
stress relaxation are concentrated nearby the 
external surface. Substituting b=1.42 A and 
& between r=0.8R~R into Eq. (20), the local 
density m of dislocations in the carbon 
spherulite and the corresponding average 
spacing 1/1 are plotted against R in Fig. 
6 (curves (1) and (2)). 
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Fig. 6. Dedendence of dislocation density (nm) and 
average dislocation spacing (1/n) on particle-size 
for carbon spherulite. 


On the other hand, it is known that on the 
graphitization of carbon black the limiting 
size to which the crystallites can grow up is 
roughly proportional to the particle size; i.e. 
about 1/5~1/10 of the diameter from the X- 
ray data’. Then, it may be appropriate to 
assume that 0.2R (=R—0.8R) just gives the 
crystallite size itself consisting the spherulite, 
which is also plotted in Fig. 6 (curve (3)). 
Now, in the small particles (R<230 A) found 
on the left-hand side of point C in Fig. 6, 
the crystallite size is smaller than the dis- 
location spacing, so that some crystallites can 
not contain the dislocations by which the 
graphitization stress is released and are in- 
evitably led to fracture by the residual stress. 

This explanation implies an assumption 
that the intercrystallite boundary dividing the 
spherulite let pass the thermal stress but 
intercept the stress field arround the disloca- 
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tions. Such an expectation is seen somewhat 
arbitrary at the present stage. However, it 
is possible to say that the stress field of dis- 
location is less transmissive to the adjacent 
crystallite as compared with that of thermal 
stress, since stretching the bond at the bound- 
ary is supposed to be fairly anisotropic. In 
large particles, dislocations are so uniformly 
dispersed as to form one kind of self-con- 
sistent stress field in each crystallite, by 
which the graphitization stress may be relaxed 
independently. Conclusively, the basic model 
assuming the elastic continium can be gen- 
erally used in the calculation of the graphiti- 
zation stress, but, in discussing the stress 
relaxation process it is not applicable for the 
small particles. 

The dependence of ” and 1// y% on R for 
the filamentarily textured polycrystal can be 
similarly computed, and the criterion on the 
stress relaxation may be formally determined. 
However, as mensioned before, the filament- 
ary carbons which have been frequently ob- 
served in soft cokes are caused by the macro- 
scopic flow pattern in the viscous hydrocarbon 
fluid, and hence the diameters are by far 
larger than those of pyrolytic black carbons, 
ranging from several microns upto about 
1/10mm. Accordingly, the aforesaid criterion 
is no meaning, and the graphitization stress 
is easily released by the formation of disloca- 
tions and the following motion for redistribu- 
tion in each crystallite. 


§ 4. Concluding Remarks 


The principal conclusions obtained in the 
preceding theoretical investigation are sum- 
merized as follows: (1) Heat treatment of 
polycrystalline carbon for graphitization gives 
rise to large thermal stress, due to the inter- 
ference of extremely anisotropic thermal ex- 
pansion of each crystallite. (2) Evaluation 
of this so-called graphitization stress made on 
two representative models (spherical and 
cylindrical ones) suggests that the stress is 
enough to produce the dislocations through 
the direct mechanical buckling of crystal lat- 
tice. (3) Stress relaxation process in con- 
nection with the formation of dislocation has 
been discussed, and a criterion is given in 
order to distinguish the soft and hard carbons. 
(4) Consequently, the graphitization process 
of polycrystalline carbon can be thought of a 
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process in which the aforesaid internal stress 
and the corresponding elastic strain is gradual- 
ly released, and the generation of dislocations 
followed by the movement for redistribution 
may surely play a most important role in it. 

In the next stage of the theory, it is 
required to establish more general treatment 
of the graphitization mechanism, taking into 
account the behaviors of the boundary dis- 
locations and other imperfections connected 
with the crystallite growth. 
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Sidewise motion of 180° wall in ferroelectric barium titanate is de- 
scribed, applying the kinematic wave theory developed by Lighthill- 
Witham. The rather peculiar shapes of the domain in growing and in 
shrinking processes, observed by Miller and Husimi, can be derived 
purely kinematically. ' 

180° wall is described as an assembly of steps. Orientation of the 
wall is described by step density. There is a part of constant orientation 
that moves with a constant velocity, which is shown to be identical to 
the kinematic wave velocity. . . 

Round squares observed in the growing process and straight domain 
fronts in the shrinking process are fairly well explained as a result of 
propagation of kinematic waves, assuming a suitable functional relation- 
ship between the velocity and the density of the progressing see 
Discontinuity of wall orientation is interpreted as “ kinematic shock wave. 


| §1. Introduction 

Recently it has been found by Miller?» 
| that the polarization reversal in BaTiO; single 
crystal with electrolyte electrodes” is brought 


about by sidewise motion of 180° wall under 
application of lower and higher electric fields, 
in contrast to Merz’s‘) observation that the 
polarization reversal of crystal with electrodes 
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of evaporated noble metal takes place by 
nucleation of a good many domains, which 
appear to grow only in the forward direction 
under application of higher pulse fields. Very 
recently, Husimi® also observed the sidewise 
motion of domain walls in crystals with silver- 
plated electrodes prepared by a chemical pro- 
cess, obtaining essentially similar results as 
Miller. These authors observed that the 
smallest switched domains are probably circu- 
lar in cross sections but grow through side- 
wide motion of 180° walls into large ones 
approximately square in cross sections, with 
sides at 45° to a-axis under lower fields, but 
with sides parallel to a-axis under higher 
fields. 

In this paper we discuss the growth and 
shrinkage of domains in a BaTiO; single 
crystal from kinematical point of view, ap- 
plying the kinematic wave theory developed 
by Lighthill-Witham®. We consider principal- 
ly the growth and not the nucleation of the 
domains. The treatment is on the same line 
as the theory of growth and dissolution of 
crystals by Cabrera-Vermilyea” and Frank®. 

Our treatment indicates that the transient 
shape of growing domains can be derived by 
assuming that the rate of motion of steps, 
that may exist on the domain boundary sur- 
face, is a function of the orientation of the 
surface. Under this assumption, the experi- 
mental results by Miller and Husimi will give 
informations on the progression of steps on 
the domain boundary surface during domain 
growth. 


§ 2. 

Consider a one-dimensional flow of a com- 
pressible substance in x-direction. Let the 
particle velocity be s(x, ¢) and the linear densi- 
ty of the particle be k. The particles must 


conserve, or we have the equation of con- 
tinuity: 


Kinematic Wave Theory 


O(ks) _ OR Oq . Ok 
Ox. wiDbels s0spaiOkenth a 
where q=ks is the flux, that is, the number 
of particles passing a particular point in unit 
time. 

Now we shall postulate that the particle 
velocity s, with which the particles move, is 
completely determined by proximity of other 
particles, that is, that the particle velocity s 
is a function of the linear density: 


(2.1) 
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s=s(k) (2.2) | 
and accordingly | 

q=qk) . (2.3) 
Under this postulate the equation of continuity | 
(2.1) can be rewritten as 


dq Ok | Ok _ (2.4) 


ae 0. 

dheaennis 
If we put 

Ok Ok 
dk Ax dx+ Al d. 

we obtain 

aq _ py ae 2.5 

@ =c(k) i (2.5) 


This means that, if we identify the parts of © 
the substance by the value of k and accord- 
ingly of g, then there is a part which moves 
with a constant velocity c(x)=dx/dt. The ve- 
locity c(k) is what is called by Lighthill- 
Witham® the “kinematic wave velocity ”. In 
x—t space, k and accordingly g are constant 
along a straight line of slope c(k). This is 
what is called “characteristic” in the theory 
of partial differential equations. 
Hence we have two important velocities: 
(1) particle velocity s(k)=q/k , 
(2) kinematic wave velocity c(k)=dq/dk . 
(2.6) 
If the relation g=q(k) is non-linear, kinematic 
wave velocity c(k) depends on k, and over- 
taking of slower waves by faster ones may 
occur. This is what is called “kinematic 
shock wave”. The shock wave is always ac- 
companied by a discontinuity of k and g. The 
velocity of the shock wave is given by 
U=(q2—q1)/(Re—h:1) Cw 
where gq: and k; are the flux and the density 


on the one side of the shock wave, and q 
and kz are those on the other side. 


§3. Application of Kinematic Wave Theory 
to Ferroelectric Domain Growth 


The analysis in the foregoing section will 
be adapted to the two-dimensional growth of 
domains of barium titanate crystal in x—y 
plane or the plane perpendicular to c-axis. 

For this purpose the domain growth or 
shrinkage process is conceived of as a pro- 
gression of steps of lattice planes, as shown 
in Fig. 1. Let the x-direction be [100] crystal- 
lographic axis. The linear density of steps | 
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along x-direction is denoted as k, and the 
height of each step is denoted as h, which is 
supposed to be an atomic lattice spacing. 

It seems not unreasonable to adopt this 
model, since the domain will have no thickness, 
change of polarization at the boundary being 
abrupt, and since the ferroelectric domain 
boundary is identical to crystallographic twin 
boundary. 

We shall assume that the velocity s of the 
progression of each step is only the linear 
density k in x-direction, 


s=s(k) , (3.1) 
fand hence the “step flux” g, that is, the 
‘number of steps passing a particular line 
“X=%Xo in unit time, is depen on the step 
“density k alone: 
| q=qk) . (3.2) 

Then, the method described in §2 will be 
applied to a two-dimensional growth of 180° 
domains in barium titanate. 

The density & is taken to be positive for 
the case shown in Fig. la, negative for Fig. 
1b. The flux g is taken to be positive, if 
the steps move in the positive direction of x 
in Fig. la, and positive, if they move in the 
negative direction of x in Fig. 1b. 


Fig. 1. Description of domain boundary move- 
ment by progression of steps. 


x 


Fig. 2. Orientation of domain boundary surface. 
@ is the parameter in the couple of Eq. (3.6). 
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According to our step model, a domain 
boundary making an angle @ with the (100) 
plane will be characterised by the density k 
expressed by: 

BUS eon inhi 
kh Oy tand © 
The velocity of domain boundary motion along 
the y-axis is 
0x/Ot 


(a) — 
dt x=const Ox/Oy 


The normal velocity of domain wall is given 
by 


(3.3) 


=—gh. (3.4) 


v=—qhcos6. (3.5) 


Owing to the functional relationship between 
q and k on the one hand, and between & and 
6 on the other hand, we can find a definite 
functional dependence of v on the angle @: 


v=v(6). 


Conversely, if we know the functional form 
of v(@), we have 


{ v(@)=—qhcos 6, 
( tan @=—kh , (3.6) 


which is considered to be an expression of 
the relation g=q(k) using a parameter 0. 
The kinematic wave velocity dq/dk can be 
brought to a form using v(@) as 
c.(0)= 24. = dA) o@)/cos 4) 
dk (d/d@) tan 0 


=v(0) sin 0+v/(@) cos@. (3.7) 


The kinematic wave velocity, c:(@), which is 
constant for a constant value of @, is physically 
interpreted as the x-component of the velocity, 
with which a point of constant orientation @ 
on the domain boundary surface moves. 
The velocity with which steps actually move 
in the x-direction (Fig. 1) is 
s(k)=q/k 
or 
s(@)=v(0)/sin @ . (3.8) 
The kinematic shock wave corresponds, in 
our model, to a discontinuous change of sur- 
face orientation and the velocity of the shock 
wave in x-direction is 
(v(1)/cos 01) —(v(@2)/Cos 82) 


G2—@Qi 
oe tan 6,—tan 02 


bo Bois 
___v(41) cos 02—v(G2) Cos A: 
~ gin @; cos 62— cos 6; sin 42 ° 


(3.9) 
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§ 4, Alternative Expression of the Theory 


The physical meaning of the kinematic 
wave will be more intuitively understood as 
follows. It will be assumed that every point 
on the domain boundary surface at t=fo sends 
out “elementary plane wave,” with normal 
velocity (velocity normal to the boundary 
surface) v(@) which is dependent on the orien- 
tation of the boundary surface. After a time 
interval dt, each “ plane wave” will reach a 
certain position. An envelope of these “ ele- 
mentary plane waves” should give the tran- 
sient shape of domain boundary at the time 
to+dt. This procedure may be similar to that 


used to obtain the wave front of light using 
(Fig. 3) 


Huygens’ principle. 


Fig. 3. Movement of a curved domain wall. 
Note the relation between the normal of domain 
wall and the trajectory of faces with constant 
orientation. 


Let us take an initial shape of domain 
boundary given by F(x, y)=0. The equation 
of the tangent to this curve at a point (x, y) 
on the wall is expressed as 


x-sin6+¥y-cos 0=p, (4.1) 
where 
sin 0= Fiz(%o, Yo) _ 
+V F,7(xo, Yo) + Fry?(xo, Yo) 
F, (Xo, Yo) 
cos 0= ; Z 
+V F2(xo, Yo) silty vos Yo) ‘ 
ie F'(%0, Yo)Xot+Fa(%o, Yo) Yo (4.2) 


+V F,2(xo, Yo) + Fy?(xo, Yo) : 
Note that the envelope of planes (4.1) for 
various values of @ is identical to the bound- 
ary F(x, y)=0. The equation of the envelope 
of the “plane waves” at t)+6t is obtained 
by eliminating @ from a pair of equations 


| x-sin 0+y-cos 0=p+v(6)6t , 
v’(A)dt , 
and is represented by parameter @ as 
| x=p-sin 6+(v(6) sin 0+v’(@) cos A) dt , 
y=pfp cos 0+(v(A) cos'6—v’(8) sin A)dt . 


4.3 
x-cos 6—y-sin @= oe 


(4.4) 
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From the couple of Eq. (4.4) it is obvious 
that a point of constant orientation @ on the 
boundary moves with a constant velocity, 
whose x- and y-components are 
Cx(0)=v(8) sin 0+v’(A) cos 0 
and 
Cy(0)=v(8) cos @—v’(@) sin 8 (4.6) 


along a straight line. Note here that cz(@) of 


(4.5) 


(4.5) is the kinematic wave velocity that pro- — 


pagates in the x-direction, 
and similarly c,(@) of (4.6) is that in the y- 
direction. 
Now, let us consider a functional form, for 
example, 
v(0)=v0(1+A cos 44) (4.7) 
which is a continuous function of 6. In Fig. 
4 this functional form is represented as a 
curve 
r=1/v(8) , (4.8) 
which may be called the polar diagram of 
reciprocal rate of domain growth.* 


First, we consider domain growth from e® } 


Fig. 4. Polar diagram of reciprocal rate of do- 
main growth 


r=1/u(1+Acos4e). [A=0.5] 


* Advantage of adopting this curve, instead of 
r=v(6), consists in that the direction of the normal 
to the curve (4.8) at the point (7, 9) gives the direc- 
tion of the trajectory of the point of orientation ¢@ 
on the domain boundary surface. 
seen, because the normal to (4.8) has the orientation 

Cy(@).__v(@) cos o— v'(6) sin @ 
Cx(0) (6) sin @+-v'(@) cos6 * 


This is easily — 
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nucleus of circular form. In Fig. 5 are shown 
trajectories of points with various orientations. 
For @ smaller than 7, which corresponds to 
the inflection point of the curve (4.8), trajec- 
tories are convergent. In general, however, 


these trajectories do not focus sharply upon 
one point, but form an envelope shown in 


Fig. 5. This situation may be similar to the 


_ formation of caustic surface in optical systems. 


Fig. 5. Theoretical shapes of growing domain, 
derived from (4.7), trajectories of points with 
various orientations, and “caustic surface ”. 


Since the equation of a trajectory starting 
from a point (x, ¥) on the boundary surface 
of the circular nucleus domain «?+7?=a is 


(4.9) 
the equation of the envelope of the “caustic 


surface” is obtained by eliminating # from 
(4.9) and 


—a-cos O0cy(0) + (x—a-sin A)cy’(8) 
=a-sin 6c2(0)+(y—a-cos 8)cz’(A) . 


(x—a-sin 0)cy(0)=(y—a-cos A)cz(A) , 


(4.9’) 


The equation of the “caustic surface” is 


a) cos 6—v’’(8) sin 8 


oe 4/ 
v(0) +0’ (8) (4.10) 
a v’(8) sin 6+v’’(8) cos 8 
a v(0)-+0’"(8) 
being represented by parameter 0. The 


“caustic surface”, as shown in Fig. 5, ex- 
hibits a cusp at the point C on <010> axis. 
Starting from the circular nucleus, the 
shape of the domain in each stage of its 
growth will be given by the envelope of the 
“elementary plane waves”, that is, by Ea. 
(4.4). Since the growth is faster in the direc- 
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tion of the coordinate axis, the shape becomes 
more and more like a round-sided square. 
Until the domain boundary reaches the cusp 
of the “ caustic surface ”, however, the corner 
is rounded with a finite curuature. 

If the domain boundary moves beyond the 
point C, the discontinuity of the surface 
orientation of the boundary takes place along 
<010> axis. That is, trajectories of the point 
of orientation 6: and —@6:, that statisfy 0<( 
<a, encounter each other on the (100) plane, 
where @ denotes “ critical orientation ”, whose 
trajectory is parallel to [010] axis, or for 
which c:(a)=0.* It will be emphasized here 
that this discontinuity takes place even when 
we take a continuous function v=v(@) as (4.7). 
This discontinuity or “ bunching ” corresponds 
to the kinematic shock wave in the model of 
the progressing steps. The amount of the 
discontinuity increases with growing domain, 
until it reaches an asymptotic value 2a. In 
the progressing step model the velocity of the 
kinematic shock wave along x-direction is 
given by 


Ge v(a@) cos (—a@)—v(—a&) cos & 
*"~ sin a cos a—sin (—a@) cos a@ 


S v(@)(cos a—COS @) = (4.11) 
sin 2@ 
in accordance with the fact that the discon- 


tinuity moves on the y-axis. 


Fig. 6. Theoretical shapes of shrinking domain, 
derived from (4.7), trajectories of points with 
various orientations, and “caustic surface ”. 


* In the polar diagram representation, +a cor- 
respond to the points at which the outside common 
tangent contacts with the curve, 
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Secondly, we consider the process of domain 
shrinkage that takes place when the field is 
reversed at a stage in which the domain has 
grown sufficiently large, as shown by ABCD 
in Fig. 6. It may be supposed that, in a 
very narrow region near A, faces of orienta- 
tions between a and —a@ are potentially pre- 
sent, and send out the “elementary plane 
waves”. Trajectories for the faces 0<7r 
starting from the corner are divergent, while 
ones for faces 9>y are convergent. In a 
quite similar manner as in the growing pro- 
cess we may have “caustic surface” formed 
by the rays of kinematic waves for the faces 
@>a, which has a cusp as shown in Fig. 6. 
Accordingly, when the domain wall reaches 
the cusp Q while shrinking, a discontinuity 
of orientation occurs and will move on the 
line Qo in Fig. 6, which is parallel to [110] 
axis. It must be noted here that, in the 
shrinking process, another discontinuity R 
takes place. The latter discontinuity occurs 
only when the trajectory of the point of 
orientation 0=7y starts from the corner of the 
initial domain. 


$5. Comparison with Experimental Results 


From the experimental results obtained 
by Miller”, Miller-Savage?) and Husimi®’, we 
can summarize the following characteristic 
aspects of domain growth under lower fields: 

(1) On photographs including sequence of 
domain boundary in a crystal which has been 
partially switched and _ successively etched 
(Photos. 2 and 4) points of given orientation 
are on a Straight line, that is, the trajectory 
of a point of a given orientation is a straight 
line. 


(2) The normal velocity v(z/4) for a sur- 
Photo. 1. Photomicrograph of the single switched 


domain under a lower field, observed on a 
dimpled sample of BaTiO;. By courtesy of 
Dr. R. C, Miller. 
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face of 0=7/4 is independent of time f. 

(3) In the process of domain growth, dis- 
continuity of orientation of domain boundary 
surface is formed along <100> direction (Photos. 
1, 2, 3 and 4), that is, regions of orientation 
0 which satisfy 


Photo. 2. Photomicrograph of a dimpled BaTiO; 
sample which has been partially switched and 
etched, four times. The transient shape of the 
growing domain in a stable form is observed. 
By courtesy of Dr. R. C. Miller. 


Photo. 3. Photomicrograph of an example of the 
domain pattern on a BaTiO; switched at the 
field 300v-cm~!. The electrode periphery is 
shown. 


By courtesy of Dr. R. C. Miller. 


Jo 


Photo. 4. Photomicrograph showing shape of 
growing domains, switched under a low field. 
By courtesy of Dr. K. Husimi. 


Photo. 5. Photomicrograph showing shape of | 
shrinking domains. Note that the wave front 
in shrinking process is sharply straight. By 
courtesy of Dr. K. Husimi. 
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== 0a 
are not realized, where a is found to be about 
BS. 

(4) In the process of domain shrinkage, 
a discontinuity is formed along <110) direc- 
tion. Walls are in this case scarcely curved. 
There occurs another discontinuity, where 
the straight wall front meets the round wall 
that has started from the edge. (Photo. 5) 

It will be seen that all the above features 
are what we have expected from our theory. 
That is, the domain wall motion can be de- 
scribed as the propagation of kinematic waves. 
From the observed angle of discontinuity in 
the growing process, we obtain the polar 
diagram of reciprocal domain growth rate as 
shown in Fig. 8, where the normal becomes 


(a) (b) 


(c) (d) 


Fig. 7. Successive stages of growth process of 
the domains shown in Photo. 3. 


parallel to [010] axis at 02=-+33°. To inter- 
pret the form of the domain wall with the 
nearly straight sides observed in the shrinking 
process, the part near P of polar diagram in 
Fig. 8 would be rather sharp. The velocity 
v(0) for 2=0 may be about ten times as large 
as v(z/4). (after Husimi®’) 

It is interesting to note that, by applying 
our theory, we can tell to a certain extent 
the history that a domain configuration has 
gone through. For example, let us look at 
Photo. 3. This domain configuration will be 
supposed to have been realized by a process 
as follows. 1) Two nuclei are first formed 
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(Fig. 7a). 2) They grow in a form as shown 
in Fig. 7b, while a third nucleus is born. 3) 
Previous two domains coalesce (Fig. 7c). 4) 
From the concave part of the boundary starts 
the propagation of a straight wall, which is 
quite similar as that in the shrinking domain 
(Fig. 7d). 


Fig. 8. Polar diagram of reciprocal rate of do- 
main growth, which explains experimental re- 
sults. 


$6. Concluding Remark 


Present theory indicates that the rather 
peculiar behavior of domain shape can be 
derived purely kinematically, only by assum- 
ing a suitable functional relation between the 
velocity and the density of the moving steps 
in the growing as well as in the shrinking 
process. 

It must be admitted that the present theory 
is purely phenomenological and the mechanism 
of step nucleation as well as the factors that 
determine the elementary processes of step 
progression under applied fields remain un- 
answered. 

The author wishes to express his sincere 
gratitude to Professor H. Takahasi of Univer- 
sity of Tokyo for his invaluable discussions 
and encouragement. He is also thankful to 
Dr. R. C. Miller of Bell Telephone Laborato- 
ries and the Physical Review and to Dr. K. 
Husimi of Electrical Communication Laborato- 
ry and the Journal of Physical Society of 
Japan, for their kind permissions to reproduce 
photographs. This work was finantially sup- 
ported by the Grant in Aid for Scientific Re- 
search from the Ministry of Education. 


1386 Terutaro NAKAMURA 


References 


Phys. Rev. 111 (1958) 736. 
Phys. Rev. 112 


1) R.C. Maller: 

2) R. C. Miller and A. Savage: 
(1958) 755. 

3) R. C. Miller and A. Savage: Phys. Rev. Let- 
ters 3 (1959) 301; Phys. Rev. 115 (1959) 1176. 

4) W. J. Merz: Phys. Rev. 95 (1954) 690. 

5) K. Husimi: J. Phys. Soc. Japan 15 (1960) 731. 

6) M. J. Lighthill and G. B. Witham: Proc. Roy. 
Soc. London 229 (1955) 281. 


7) N. Cabrera and D. A. Vermilyea: Growth and 


(Vol. 15, 


Perfection of Crystals (Int. Conf. Reports) John 
Wiley & Son Inc. New York, 1958, p. 398. 

8) F. C. Frank: ibid p. 411. 

9) Note added in Proof 
Recently it has been shown by Miller and 
Savage that aspects of domain growth in metal 
electroded BaTiO; crystals are _ essentially 
similar to those found with liquid electroded 
samples. Extensive sidewise motion occurs in 
both liquid and metal electroded crystals. 
R. C. Miller and A. Savage: Phys. Rev. Let- 
ters 2 (1959) 294, J. Appl. Phys. 31 (1960) 662. 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN Vol. 15, No. 8, AUGUST, 1960 


Change in Modulus of Rigidity of Brass Wires by Cold-Working 


and Subsequent Annealing 


By Jun KUROYANAGI 


Department of Physics, Faculty of Liberal Arts and Science, Yamagata University 


(Received March 29, 1960) 


The change in the modulus of rigidity caused by cold-working and 
subsequent annealing was measured on brass wires containing 10.14, 
30.15 and 40.24 per cent zinc and a commercial brass wire (32.66 per cent 
zinc), and compared with that of pure copper wire. The results showed 
that; (1) in well annealed state, the modulus of rigidity of brass wires 
decreases quasi linearly with the increase of zinc content, (2) the modulus 
of rigidity of a brass wire always decreases with the increase of the degree 
of cold-working, but the relative decrease of the modulus of rigidity 
compared with the decrease of a pure copper wire equally cold-worked 
different according to the zinc content and (3) the variations in the tem- 
perature coefficient of the modulus of rigidity with the method of cold- 
working and with the degree of cold-working have a characteristics 


according to the zinc content. 


§1. Introduction 


Previously”, the present author measured 
the change in the rigidities of wires of pure 
copper and also of 70/30 brass which had been 
subjected to a cold-working and subsequent 
annealing, and found that the existence of 30 
per cent zinc gives a conspicuous influence on 
the effect of the above mentioned treating. 
Now, as it seems to him interesting to eluci- 
date this phenomenon in detail, this investi- 
gation was undertaken. 


$2. Specimens and method of measurement 

The materials used were the three kinds of 
alloys containing 10.14, 30.15 and 40.24 per 
cent zinc in copper, and also a commercial 


brass was added. The X-ray diffraction pat- 
terns obtained in a Debye-Scherrer camera 
from these alloys were essentially the same 
as that of copper. The existence of 8 phase 
could not be found even in the brass containing 
40.24 per cent zinc. Nevertheless, according 
to the phase diagram, @ phase should coexist 
with @ phase in this brass which may exert 
some influence on the rigidity of this specimen. 
The chemical composition of these materials 
are shown in Table 1. They were drawn into 
wires, about 1mm in diameter, from which 
proper lengths were taken for the specimens. 
The specimens were first annealed at 600°C 
for 2 hours in nitrogen atmosphere, and then 
subjected to cold-working in the manner of 
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Table 1. Composition of materials used (wt. %) 

Materials Zn Fe a As " Sb ts Bi Pb 
Copper 0.0007 0.00003 0.00001 0.0004 ' 0.0002 
Brass 1 10.14 0.004 0.00006 0.00003 0.0004 0.0096 
Brass 2 30.15 0.0037 0.00006 0.00003 0.0004 0.0046 
Brass 3 40.24 0.0028 0.00006 0.00003 0.0006 0.0024 
Brass 4 

(Commercial) | 32.66 | 0.0039 0.010 0.001 0.0004 0.15 


rolling and twisting. As the degree of roliing 
| was defined by the reduction of area (A—a)/A, 
where A and a denote the cross-sectional area 
of a wire before and after the rolling, re- 
spectively. As the degree of twisting was 
defined by nd/l, where n is the number of 
turns, d is the diameter and / is the gauge 
length. The used technique of the measure- 
ment and apparatus were the same as that 


| have been described in the previous paper. 


The measurements were always made after 


_ the specimens had been aged at room temper- 


ature for one month. 

The specimen set in the apparatus was 
heated at the constant rate of 1.7°C/min from 
room temperature to 400°C and the time of 
100 rotating oscillations of the pendulum was 


measured with a stopwatch at every temper- 


atures of 20°C interval during heating. 

In addition, the behaviour of the hardness 
was traced for varying degree of cold-working 
in correspondence to the rigidity, by means 

_of.a micro Vickers hardness tester. To elimi- 
nate the error due to the influence of the 
amount of the loads applied to the indentor 
on the hardness number, the load was fixed 
to 500g and the time of indentation to 1 min. 


§3. Results 
The relations between the square of the 
frequency f of torsional oscillation, which is 
| approximately proportional to the modulus of 
rigidity, and the degree of cold-working or 
temperature of measurement were obtained 
but not the absolute value of the modulus of 
rigidity, because the present purpose was to 
see the relative change in modulus of rigidity. 


(1) Influence of the change of zinc content 
To see the variation of the modulus of ri- 
gidity of brass wires with the change of zinc 
content, the relations between (firass— Seu Sou 
and zinc content were obtained for annealed 
and cold-rolled specimens at room temperature, 


where fprass and fon are the frequencies of 
torsional oscillation, respectively, of brass 
wire and copper wire equally cold-rolled. Figs. 
1 and 2 show the above relations which were 
obtained for cold-rolled specimens, the degree 
of cold-rolling of which were 10.5 and 57.5 
per cent, before and after they were heated 
at 400°C for 1 hour and then cooled slowly 
to room temperature, respectively. 

From Fig. 1 it can be seen that the modulus 
of rigidity of brass wire containing 10 per cent 
zinc is higher than that of pure copper wire, 
but that of brass wires containing more than 
10 per cent zinc decreases quasi linearly in 
proportion to the increase of zinc content in 
the case of 10.5 per cent cold-rolled specimens. 

In the case of annealed specimens, before 
they were heated at 400°C for 1 hour, the 
modulus of rigidity of pure copper wire is 
lower than the value which was obtained by 
the method of extrapolation from the quasi 
linear relationship, which holds to the modulus 
of rigidity of brass wires containing more than 
10 per cent zinc, as can be seen from Fig. 1. 
On the other hand, after the specimens were 
heated at 400°C for I hour, as can be seen 


40 


20 
Percentage in Zn 


Fig. 1. Modulus of rigidity vs percentage of zinc 
content for cold-rolled brass wires. 
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from Fig. 2, the modulus of rigidity of the 
specimens which were either annealed or cold- 
rolled 10.5 per cent decreases quasi linearly 
through the whole extent of zinc content. 

In the case of the specimens which were 
cold-rolled 57.5 per cent, regardless of the 
heating at 400°C for 1 hour, the modulus of 
rigidity does not change quasi linearly with 


(@) fe) 20 30 
Percentage in Zn 
Fig. 2. Modulus of rigidity vs percentage of zinc 


content for cold-rolled brass wires, after an- 
nealed400,C, Ihr. 


40 
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Fig. 3. Change in modulus of rigidity for an- 
nealed specimens due to the rising temperature 
of annealing with constant rate of 1.7°C/min. 


the increase of zinc content and the specific 
ratio of the modulus against to that of pure 
copper increases with the increase of zinc 
content on the contrary to the case of the 
specimens which were cold-rolled 10.5 per cent. 


(2) Influence of the rise of temperature at 
annealed state 


The variation of the rigidity with the rise 
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of temperature was measured with annealed 
specimens, results being obtained as shown in 
ies 


coincided with that in the following cooling 
stage at the corresponding temperature re- 
spectively. From this figure it can be seen 
that the rigidity of the normalised specimen 
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Fig. 4. Relations between (f?—fs?)/f;2 and loga- 
rithm of time ¢ at room temperature for cold- 
rolled specimens, where jf; and fs; are the 


frequencies of torsional oscillation at time ¢ and]§ 


5 minutes after deformation. 
rolling=30.5 per cent. 
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Fig. 5. Relations between (f,2— fs2)/f.2 and loga- 
rithm of time ¢ at room temperature for cold- 
twisted specimens, where jf; and fs are the 
frequencies of torsional oscillation at time ¢ and 
5 minutes after deformation. Degree of cold- 
twisting nd/l=0.10. 


decreases slowly in an approximately way 
with rising temperature, and then remarkably 
decreases, especially in pure copper and in 
brass wire containing 40.24 per cent zinc, but 
in the case of commercial brass wire the 
temperature range of linearity extends up to 
a higher point than pure copper and other 
brass wires. 


(3) Recovery of rigidity at room temperature 

The early recovery of the rigidity of a cold- 
worked specimen is clearly seen from iso- 
thermal data. Figs. 4 and 5 show the relations 
between (/:?—/fs”)/f;? and logarithm of the time 
at room temperature after the cold-work, 
where f/f; and /; are the frequencies of torsional 
oscillation at a time ¢ and 5 minutes after 
defdrmation, respectively. From these figures 
it can be seen that a freshly deformed metal 
has a relatively low value rigidity, which 


In this figure fo and foo represents — 
the frequencies of torsional oscillation at a_ 
temperature 0 and at room temperature (20°C), 
respectively. Through a set of measurement | 
the observed values in the heating stage almost | 
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increases very rapidly in a short time with 
deformation and then increases almost expo- 
nentially from about one hour after defor- 
mation, even at room temperature. 
(4) Recovery of rigidity with the rise of tem- 
perature in cold-rolling specimens 
Figs. 6-8 show the observed values of 
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Fig. 6. Relations between (f9?—fo02)/foo2 and 
temperature for cold-rolled various brass wires, 
where f@ and foo are the frequencies of torsional 
oscillation at a certain temperature @ and room 
temperature, respectively. Degree of cold-roll- 
ing was 10.5 per cent for all specimens. 
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Fig. 7. Relations between (fo?—f20”)/f20” 
temperature for cold-rolled various brass wires, 
where fg and fo) are the frequencies of torsional 
oscillation at a certain temperature 9 and room 
temperature, respectively. Degree of cold-roll- 
ing was 30.5 per cent for all specimens. 


(F%,,o—F4,00)/F%4,2 With relations to tempera- 
ture for brass wires of various compositions 
as well as for pure copper wire at various 
cold-rolled states, where f4,o and f4,2. are the 
frequencies of torsional oscillation of the cold- 
rolled specimens at a temperature 0 and 20°C, 


20 100 


and 
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respectively. It is interesting that the change 
in the temperature coefficient of the modulus 
of rigidity with the temperature and with the 
degree of cold-rolling have a characteristic 
aspects according to the amount of zinc and 
impurities contained. Although a definite in- 
formation cannot be given of the relation 
between the temperature coefficient of the 
modulus of rigidity and zinc content, the tem- 
perature coefficient in the brass wires con- 
taining 10.14 and 30.15 per cent zinc show 
a great difference from that of the brass wires 
containing 40.24 per cent zinc and from that 
of the commercial brass wire. From these 
figures it can also be seen that the variation 
of the rigidity with the rise of temperature 
in copper wire and brass wire subjected to 
low degree of cold-rolling (10.5 and 30.5 fer 
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Temperature, °C 
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Fig. 8. Relations between (fo? — fo0?)/foo? and 
temperature for cold-rolled various brass wires, 
where fo and fo are the frequencies of torsional 
oscillation at a certain temperature 9 and room 
temperature, respectively. Degree of cold-roll- 
ing was 57.5 per cent for all specimens. 


cent reduction) differs substantially from that 
subjected to high degree of cold-rolling (57.5 
per cent reduction) with an exception of com- 
mercial brass wire. 
(5) Recovery of rigidity with the rise of tem- 
perature in cold-twisted specimens 

The same observations as above were carried 
out with cold-twisted wires, the results ob- 
tained being shown in Fig. 9. In this case, 
the temperature coefficient of the modulus of 
rigidity also varied with temperature and with 
degree of cold-twisting, showing a character- 
istic aspect according to the amount of zinc 
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and impurities contained in brass wires. But, 
this characteristic is not so obvious as that 
in cold-rolled specimens. 
(6) Change in rigidity due to the removal of 
internal stress 

Fig. 10 shows the variation of rigidity with 
the rise of temperature in the brass wire, 


20 100 200 300 400 
Temperature, °C 
Fig. 9. Relations between (f6?—fo0?)/foo2 and 


temperature for cold-twisted various brass wires, 
where fo and foo are the frequencies of torsional 
oscillation at a certain temperature @ and room 


temperature, respectively. Degree of cold- 
twisting was 0.10 for all specimens. 
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Temperature, °C 
Fig. 10. Change in the modulus of rigidity of the 
cold-rolled brass wire containing 40.24 per cent 
zinc, degree of cold-rolling of which was 57.5 


per cent, due to the rising temperature of an- 
nealing with constant rate of 1.7°C/min. 


containing 40.24 per cent zinc, subjected to 
the cold-rolling of 57.5 per cent. Curve A 
was obtained during first heating, and curve B 
during reheating this specimen after the first 
heating. Curve B was almost reproducible: 
hence, it may be considered to show the vari- 
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ation of the rigidity with rising temperature 
of the well annealed specimen. Accordingly, 


the variation of (f%, .—/%.¢)/f%,o with temper- | 


ature 0, where fo and fz,» are the values 
respectively of the curve A and B at a tem- 


perature 0, may be said to show the recovery | 


of the modulus of rigidity by the removal of 
internal stress due to the rise of temperature. 


(a) Cold-rolled specimens 
To see the effect of zinc on the recovery of 


rigidity due to the removal of internal stress . 


in cold-rolled specimens, the variation of 
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Fig. 11. Relations between (f% 9—/%.@)/fp,9 and 
temperature for cold-rolled various brass wires, 
where fa and fze6 are the frequencies of 
torsional oscillation at a certain temperature @ 
for cold-rolled and annealed specimens, re- 
spectively. The degree of cold-rolling was 57.5 
per cent for all specimens. 
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Fig. 12. Relations between (/% 9—f.6)/fy,9 and 
temperature for cold-twisted various brass wires, 
where f4 and fz are the frequencies of 
torsional oscillation at a certain temperature 9 
for cold-twisted and annealed specimens, re- 


spectively. The degree of cold-twisting was 
0.10 for all specimens. 


(f4.0—F%3.0)/F%,9 with temperature 0 was meas- 
ured for various brass wires cold-rolled at 
almost the same degree (57.5 per cent). The 
results are shown in Fig. 11. In copper wire 
the recovery occurs mainly in one stage of 
the temperature range 180°-320°C as shown 
in the previous paper’. In brass wires 
containing 10.14 and 30.15 per cent zinc the 
recovery occurs gradually over the wide range 
of temperature 80°-360°C, which can be di- 
vided into three stages, i.e. 80°-200°C, 200°- 
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280°C and 280°-360°C. In commercial brass 
wire the recovery occurs mainly in the range 
of temperature 200°-360°C, which can be di- 
vided into the two stages, i.e. 200°-280°C and 
280°-360°C. In all cases the recovery takes 
the greatest rate at the last stage. In brass 
wire containing 40.24 per cent zinc the re- 
covery occurs rapidly in one stage of the 
temperature range 80°-280°C. 
‘(b) Cold-twisted specimens 

Fig. 12 shows the relations between (f%, .— 
S%s,9/f,9 and temperature @ for various brass 
wires cold-twisted at almost the same degree 
(nd/i=0.125). In this case, the rigidity of all 
brass wires recovers over the temperature 


ranges 80°-200°C and 200°-300°C, and the rate 
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brass wires. 
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Fig. 14. Relations between Vickers hardness and 
degree of cold-rolling for cold-rolled various 
brass wires. 


of recovery at latter srage is greater than 
that at the former stage. These two stages 
of recovery may by correspond to the former 
two stages of recovery in the cold-rolled speci- 
mens as mentioned in the previous paper”. 
(7) Change in hardness caused by cold-working 
In Fig. 13 the variation of the Vickers hard- 
ness of the annealed brass wires is plotted 
against the change of zinc content. From this 
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figure it can be seen that the hardness of the 
annealed brass increases quasi linearly with 
the increase of zinc content on the contrary to 
the change of the modulus of rigidity. The 
change in hardness with the increasing degree 
of cold-rolling is plotted in Fig. 14. From 
this figure it can be seen that the curves 
showing the change in hardness with the in- 
creasing degree of cold-rolling are similar to 
the stress-strain curves which obtained by 
many workers with brass. It can also be seen 
that the slopes of these curves increase in 
proportion to the increase of zinc content. 


§ 4. 
(1) 


Discussion 
Variation of rigidity of brass wires with 
the change of zinc content 

The relation between the rigidity and com- 
position in metal alloy is very complicated and 
it has not yet been satisfactory established. 


(a) Well annealed specimens 
The variation of rigidity of thoroughly an- 
nealed and then slowly cooled solid solution 
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Fig. 15. Volume per atom in Cu-Zn alloy. (West- 


gren and Almin). 


alloys of copper can be described in terms of 
three effects. 

(i) Lattice strain caused by the difference in 
the atomic radii of the copper and zinc atoms. 
It was thought at one time that the variation 
of lattice parameter in a single phase alloy 
was an exact linear function of the composition, 
which is known as Vergard’s law. Generally 
speaking, however, all systems show a greater 
or less deviation from this law and, when 
intermediate phases are formed, they are often 
accompanied by a marked contraction in 
atomic volume. It appears to be desirable, 
therefore, to determine the change in lattice 
constant for the alloys under investigation, in 
order to measure the lattice strains which 
they induce. The volume per atom in Cu-Zn 
alloy is illustrated in Fig. 15, the results being 
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taken from the work of Westgren and Almin”’. 
From this figure, it can be seen that the lat- 
tice parameter in Cu-Zn alloy increases quasi 
linearly in the range of a-phase. Zener* has 
studied this problem and found a good corre- 
lation between the lowering of the rigidity 
upon solute addition and the residual strain 
energy resulting from atomic size disparity. 

(ii) Difference in valence between the solute 
and solvent metals. Rigidity of solid solution 
alloys should be varied with the change in 
the average number of electrons per atom 
upon the addition of solute elements. Elliot 
and Axon” showed that the rigidity decreases 
as the valence of the solute element increase 
in the case of copper base alloys. 

(ili) Difference in rigidity between the solute 
and solvent metals. The fact that the rigidity 
of pure copper is greater than that of pure 
zinc should be considered as one of the cause 
of the decrease of the rigidity of brass wire 
with the increase of zinc content. Swalinin® 
showed theoretically that the rigidity vary 
linearly with mole fraction of solute metal 
for germanium-silicon alloys from this point 
of view. 


(b) Specimens cold-rolled 10.5 per cent 

In this case, the rigidity of pure copper wire 
is less than that of brass wire containing 
10.14 per cent zinc and deviates from the quasi 
linear relationship which holds for the modulus 
of rigidity of the brass wires containiag more 
than 10 per cent zinc. Moreover, the slope 
of this quasi linear curve is slower than that 
of well annealed specimens. These facts indi- 
cate that the decrease of rigidity in pure 
copper wire due to the small amount of cold- 
rolling is very large as compared with that 
of the brass wire containing 10 per cent zinc 
and the decrease of rigidity in brass wires 
containing more than 10 per cent zinc dwindles 
as the zinc content increase. 

The decrease of the modulus of rigidity in 
the strained pure metal and the associate de- 
viation from the quasi linear relationship in 
very dilute solution alloys has been observed 
by Bradfield and Pursey® for copper alloys, 
who observed that after the initial rise of 
modulus at low concentrations the modulus/ 
concertration curve becomes quasi linear and 
fall with a slope which may be related to the 
solidus variations of the particular system, or, 
perhaps more profitably, to such convention- 
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ally accepted alloying factor as atomic size 
and valence”. Furthermore, these phenomena 
have been discussed by Friedel®) and by Elliot 
and Axon) in detail, who visualized the effects 
as being due to the generation of mobile dis- 
locations by small amount of plastic strain 
and as due to the progressive locking of mo- 
bile dislocations with the increase of solute 
elements. In the present experiment, studied 
by means of X-ray and metallographic exami- 
nation, any significant change in structure that 
account for the change in modulus of rigidity 
was observed neither before nor after cold- 
rolling in 10.5 per cent cold-rolled specimens. 
Consequently, the decrease of rigidity of pure 
copper wire produced by 10.5 per cent cold- 
rolling should be due entirely to the lattice 
distortion and structural defects, without the 
complicating influence of preferred orientation. 
In other words, we can visualize this effect 
as being due to the generation of mobile dis- 
locations by cold-rolling. Mobile dislocations 
in the crystal tend to decrease the rigidity 
from the value it would reach in their absence. 
Any alternation in the number of mobile dis- 
locations, which may arise from cold-working 
(or the annealing out of cold-working effects), 
or in the mobility of mobile dislocations, which 
may result from the locking of dislocations 
at impurity atoms, will produce an additional 
contribution to the alternation of rigidity over 
and above any changes to be expected of con- 
ventional alloy theory. in the dilute solid- 
solution range, increasing concentration of 
solute atoms will increase the probability of 
locking, and hence, will increase the rigidity 
even without special annealing treatment, but 
on the other hand, at high solute concentra- 
tion the dislocations are saturated with solute 
atoms, and the dislocation contribution to the 
rigidity swamped. The fact that the rigidity 
of brass wire containing 10.14 per cent zinc is. 
larger than that of pure copper wire can be 
explained by locking of dislocations at solute 
atoms, 


(c) Specimens cold-rolled 57.5 per cent 

The fact that the rigidity of brass wires is 
greater than that of pure copper wire and 
increases with the increase of zinc content 
may be correlated with the preferred orien- 
tations which were developed by the heavily 
cold-rolling. 

Cook and Richards” found the following 
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facts from X-ray studies; (1) when polycrys- 
talline copper and brass strips are cold-rolled, 
the deformation proceeds by a slip mechanism 
up to about 33 per cent reduction in thickness 
for copper and slightly more for brass, and 
beyond this stage it proceeds by a breakdown 
of the crystals into minute blocks with glide 
over flow layer, (2) marked preferred orien- 
tation develops during this second stage of 
deformation and the degree of preferred orien- 
tation increases progressively with the increase 
of cold-rolling. 
_ Merlini and Beck!” showed that three pre- 
ferred orientations of the following types are 
‘present in rolled copper and brass strips; 
(011 [211], (112)[111] and (011)[100]. The orien- 
tation represented by (011)[211] is present in 
large amount for any zinc content between 0 
and 30 per cent. The orientation represented 
by (112)[111] is typical of copper and decreases 
in intensity with increasing zinc content. 
The orientation represented by (011)[100] is 
typical of 70-30 brass and decreases in in- 
tensity with decreasing zinc content. 

It is well known that the rigidity G depends 
on the orientation according to the formula!” 


ih 1 1 1 ) 
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(h? +k? +/?)? 

where 7:1, 72, 73 are the direction cosine of 
the direction under consideration with respect 
to the cubic axis and h, k, / are the Miller 
aadices,. As Finin=0.for [100] and .Pmax=1/3 
for [111], it follows that the rigidity is largest 
in the direction [100] and smallest in the di- 
rection [111]. 

| Consequently, if the Merlini and Beck’s re- 
sults are tentatively accepted, the increase of 
the modulus of rigidity with the increase of 
zinc content of the 57.5 per cent cold-rolled 
specimens may by explained by the increase 
of the intensity of preferred orientation repre- 
sented by (011)[100], for which the value of 
the modulus of rigidity is largest, and the 
decrease of the intensity of preferred orien- 
tation represented by (112)[111], for which the 
value of the modulus of rigidity is smallest, 
with the increase of zinc content. 

(2) Variation of hardness with the change of 


zinc content a 
The hardening of an metal by the addition 
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of solute metal has been explained by Mott 
and Nabarro™ and by Cottrell!#) on the basis 
of interaction between dislocations and solute 
atoms. In addition, Dorn, Pietrokowsky and 
Tietz’ found on some aluminium alloys that 
part of the solid solution hardening should be 
attributed to (1) the difference in valence be- 
tween the solute and solvent metals, (2) lattice 
strain caused by the difference in the atomic 
radii of the host and solute atoms. The ex- 
perimental results mentioned above seems to 
be due to the combined effect of these factors. 

(a) In the case of annealed specimens, the 
increase of hardness with the increase of zinc 
content may be due to the effect of the lattice 
strain and the change in the number of elec- 
trons per atom with the addition of zinc. The 
fact that the hardness of the specimen con- 
taining 40 per cent zinc is especially large can 
be explained by the coexistence of 8 phase. 

(b) The rapid increase in hardness at early 
stage of cold-rolling should be due to the rapid 
increase of the density of free dislocations, 
and the gradual increase in hardness at high 
stage of cold-rolling seems to show the density 
of dislocations is getting near to a saturated 
state as the degree of cold-rolling steadily 
increases. 

(c) The fact that the variation in hardness 
with zinc content of the cold-rolled specimens, 
the degree of cold-rolling of which being the 
same in all cases, is larger than that of an- 
nealed specimens can be explained as the ad- 
ditional effect of the interaction between dislo- 
cations and solute atoms to the lattice strain 
and change in valence. This interaction may 
increase with increasing concentration of solute 
atoms when the degree of cold-rolling being 
the same. 

(3) Room temperature recovery of rigidity 

It is well known that a crystal contains 
a three dimensional network of dislocation 
loops or segments and that the presence of 
such a dislocation network will act to reduce 
the rigidity of the material. If N is the 
dislocation density, viz, the total length of 
dislocation lines per cm* and L is the effective 
loop length of the dislocation segments, the 
decrease in modulus of rigidity G is repre- 


sented by*® 
AG/G~N:L? Co) 
It is suggested that the modulus defect which 


1394 


recovers rapidly even at room temperature is 
attributed to the existence of relatively free 
dislocations within the subgrain structure, and 
is regarded as not influenced by dislocations 
that form the subgrain boundaries. In view 
of this model, the question next arises: what 
is happening to the interior dislocations in 
the early stage of recovery, i.e., when the 
rigidity are changing so rapidly ? Two gener- 
al mechanism have been suggested as to this 
problem. 

(a) The first theory’? assums that point 
defects created by the deformation pin the 
dislocation segments to produce recovery. 
According to this theory, the modulus defect 
can be eliminated through the shortening of 
the dislocation loops due to defect pinning, 
before any dislocation migration or rearrange- 
ment takes place. Dislocations may be pinned 
by point defects, impurities and solute atoms 
along the straight portions. If the concentra- 
tion of the solute element is large enough, 
a dislocation segment (L) meets solute atoms 
on the average at a distance (Lo) which de- 
creases when the concentration of solute atoms 
increases, so that the rate of recovery of the 
rigidity should increase with the increase of 
the concentration of solute atoms. The rigidi- 
ty of the cold-worked commercial brass wire, 
in which large amount of impurities are con- 
tained than in the other specimens, recovers 
much faster than the other specimens in a 
short time after deformation and thereafter 
it recovers with a slower rate than the other 
specimens in both cases of rolling and twist- 
ing, aS was expected. But, in regard to the 
other specimens this fact is not obvious. In 
the case of cold-rolled specimens, the rate of 
recovery in a short time after deformation is 
slowest in pure copper wire and increases with 
the increase of zinc content, except the brass 
wire containing 10.14 per cent. Nevertheless, 
in the case of cold-twisted specimens the re- 
lation between the rate of recovery and zinc 
content is complicated and can not be explained 
with the above theory. 

(b) The second theory considers that dislo- 
cation rearrangement is responsible for the 
recovery of this stage. According to this 
theory, it is assumed that dislocations in the 
interior of the subgrains undergo rearrange- 
ment which serves to reduce either their ef- 
fective length or their loop length L. The 
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concept that the rapid rearrangement is taking | 
place immediately after plastic deformation | 
to produce the recovery of rigidity was sug- 
gested by Nowick!”. According to this theory, 
the rate of rearrangement of dislocations, or 
consequently, the rate of recovery should de- 
crease rapidly by the pinning of dislocations 
with solute atoms, viz, be the formation of 
Cottrell atmosphere and the time necessary te 
cease the recovery practically should become 
shorter with the increase of the concentration 
of solute atoms and impurities. Our experi-. 
mental results show that the rate of recovery 
decreases with the increase of zinc and im- 
purity content at a certain time after defor. 
mation on the whole as can be seen from 
Figs. 5 and 6. | 

It is impossible to conclude which one o¢ 
these two theories is correct only by these 
experimental results. 


(4) Recovery of rigidity at the elevated tem- 
perature 

The recovery occurring between room tem- 
perature and recrystallization temperature is. 
concerned with both point defects and dislo- 
cations, and their combination varies with the } 
method and degree of cold-working, kind of 
metal and alioy, and impurities content, etc. 
as mentioned in the previous paper”. 

For the pure copper wire used in this ex-. 
periment practically no recovery of rigidity’ 
occurs before recrystallization, suggesting that: 
almost all recovery processes occur during the: 
deformation and during the period of aging: 
at room temperature. However, for the brass; 
wires the manner of the recovery of rigidity’ 
differs from that of pure copper wire and! 
begins to occur at about 80°C as shown ini 
Figs. 12 and 13. This may be due to the for-. 
mation of atomosphers of zinc atoms around! 
the dislocations during and after deformation: 
at room temperature. Thus the movement: 
of the dislocations involved in recovery would! 
occur either by the breaking away of disloca--) 
tions from their atmosphers of solute atoms or’ 
by the disappearance of atmosphers moving jf, 
with the dislocations. Both of these processess) 
would require higher temperature than would! 
be necessary in pure copper. 

The author wishes to express his sincere? 
thanks to Professor Tokutaro Hirone of Tohoku 
University for the kind guidance and to Mr.. 
Toyojiro Isano for his assistance. 
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Kinds and boundaries of phases at room temperature in Tl-rich sides 
of the alloy systems of Tl-Cd, Tl-Sn and Tl-Sb were determined by X- 
ray and electron diffraction. From the consideration of experimental re- 
sults obtained in the present work as well as in previous works by 
other workers, it was deduced that phase boundaries of a particular 
structure in some Tl base alloys appeared to correspond to the same 
electron atom ratio and to be affected mainly by the electronic factor. 
The results obtained from the lattice constant and density measurements 
in the f.c.c. region of Tl-Sn system, which was confirmed to be stable, 
were interpreted in terms of the Brillouin zone concept. Considering 
Matyas’ result for trivalent Al, a suggestion for the high energy portion 


1. Introduction 


' The electronic structures of the metals and 
loys which involve the overlap of electrons 
rom the first Brillouin zone are complicated 
nd still uncertain. The first calculation of 
VE) curve for the f.c.c. structure was made 
y Mott and Jones” in 1937, but its high 
nergy portion was highly speculative and the 
se of this curve was a very approximate 
rocedure for the cases where the electron 
oncentration was nearly 3 and involved the 


of N(#) curve for the f.c.c. structure was proposed. 


overlaps. Recent results for trivalent Al cal- 
culated by Matyas”.® differ from that of 
Mott and Jones, and the overlap across the 
{200} planes from the first Brillouin zone into 
the second one does not occur. His explana- 
tions are supported to some extent by the 
shape of the soft X-ray emission bands of Al 
obtained by Skinner,‘) and also by the magne- 
tic susceptibility measurement for Al made 
by Lingelbach eft al.® There is, however, 
evidence that the electronic structure of Al 
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is somewhat different from that of Matyas. 
Leigh,® in a discussion on the elastic constants 
of Al, has shown that it is necessary also to 
take account of a small overlap across the 
{200} faces of the first zone. 

On the other hand, the experimental infor- 
mations have not yet been obtained sufficient- 
ly, especially for the cases in which the 
electron concentration is considerably higher 
than 3, because the f.c.c. phases having such 
an electron concentration seem to be restrict- 
ed to the solid solutions of Al and some Tl 
base alloys. However, the elements of higher 
or lower valency than Al have not appreci- 
able solubilities in Al. For example, Si and 
Ge have the solubilities of only one or two 
atomic percentages in Al. Whereas, the Tl 
base alloys have not yet been investigated. 
From these points of view, the f.c.c. phases 
in Tl base alloys are particularly of interest. 

According to Hansen,” the Tl base alloys 
seem to be restricted to the case where the 
solute elements are situated in the vicinity of 
Tl in the Periodic Table. Tl forms a simple 
eutectic with Ag or Au (Group Ig) and the 
solid solubility ranges exist in Ag- or Au- 
rich side but not in Tl-rich side. Tl-Cd 
(Group IIs) and Tl-Hg (Group IIg) are also 
eutectic*, and contrary to the case where Ag 
or Au is a solute, the terminal solid solutions 
exist in Tl-rich sides, although it has not yet 
been determined in the Tl-Cd case. Tl and 
In which have the same group valencies tend 
to form a continuous series of solid solutions. 
Tl-Pb (Group IVs) resembles T1-Bi (Group Vz) 
in its Tl-rich side and has the f.c.c. phase 
following a small range of a@ terminal solid 
solution, and in addition, the latter has an- 
other compound in Bi-rich side. However, 
Tl-Sn (Group IVs) and T1-Sb (Group Vs) seem 
to be quite different from Tl-Pb and TI-Bi, 
respectively, and are reported to have the 
wide ranges of @ solid solutions but not the 
f.c.c. phases. As to the systems of TI-Cd, 
Tl-Sn and Tl-Sb, however, there is some un- 
certainty in their phase diagrams which will 
be discussed briefly in the next paragraph, 
and hence the reexaminations are necessary. 
If the systematic changes in the homogeneity 
ranges of the terminal solid solutions in a- 


* The system of TI-Hg has a f.c.c. phase at 


about 25 at. % Hg below 14.5°C, but not in TI- 
rich side. 
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Tl or the f.c.c. phases with solute valency | 
were observed, some information concerning 
the electronic effect upon the phase boundaries | 
in Tl base alloys would be available. There- 
fore, the writer intended to investigate the | 
three Tl-rich alloys mentioned above by X- | 
ray and electron diffraction methods. Kinds 
and boundaries of phases at room tempera-_ 
ture were determined in connection with the 
effect of their electron concentrations, and 
then some detailed investigations for the f.c.c. | 
phase in Tl-Sn system, which was confirmed 
to be stable by the present investigations, were 
performed in relation to its electronic struc- 
ture and a possible high energy portion of 
N(E) curve consistent with the experimenta. | 
observations was proposed. 


§2. Previous Work on the Pase Diagrams 
2-1. Case of Tl-Sn 

The phase diagram due to Hansen” is shown 
in Fig. l(a). The liquidus curve was drawn 
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(b) 
Fig. 1. (a) Phase diagram of TI-Sn after Hansen. 


(b) Kinds of phases at room temperature 
after the present work. 


Hees | 


on the basis of thermal analysis. The solid | 
solubility of Sn in Tl up to 140°C was deter- - 
mined by measuring the electrical resistivity. . 
Fuchs® showed by thermal analysis that the » 
phase transformation temperature of Tl was: 
lowered by addition of Sn, as shown in Fig. . 


| 
? 


l(a). Sekito” reported that the alloys contain- 
fing 16 and 30 at. % Sn which were quenched 
into ice water from the melt possess the f.c.c. 
‘lattice. The result of this X-ray work, how- 
Fever, seems to be curious, because it has been 
- established afterwards that B-Tl has a b.c.c. 
-structure.‘? Therefore, Sekito’s f.c.c. struc- 
ture has been considered to be a metastable 
‘one resulting from the B— a transformation 
. of the solid solution in 8-Tl. No other reli- 
able X-ray work has yet been carried out. 
2-2. Case of TI-Sb 


Temperature (°C) 


TLSb, 


¥+ Sb 


| 


10 20 30 
Antimony atomic per cent Sb 
(b) 
Fig. 2. (a) Phase diagram of Tl-Sb after Hanson. 
(b) Kinds of phases at room temperature 
after the present work. 


Esa ales 


The phase diagram appearing in Hansen” 
is shown in Fig. 2(a). The liquidus and soli- 
dus curves indicated by solid line were based 
on the thermal data. The existence of inter- 

-mediate phase y was confirmed by Barth‘! 
and Persson!” et al. by the metallographic 
and X-ray studies. The phase boundaries of 
a-Tl, 6-Tl and y-phase at 180°C as indicated 
by crosses in Fig. 2(a). were fixed by Kurzy- 
niec'®) on the basis of resistivity measure- 
ments. While, it was reported by Persson et 
al. that 8-Tl was apparently stabilized down 
to room temperature at about 10~11 at. % 
Sb, although the composition of 7-phase agre- 
ed closely with the result of Kurzyniec. It 
should be noted, however, that §-T1 is be- 
lieved to be f.c.c. rather than b.c.c.. There- 
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fore, the kinds of phases in the Tl-rich alloys 
are not yet fully established and should be 
examined. 

= (CORE Of IKE! 

Tl and Cd form a eutectic and no inter- 
mediate phases are known.”) The solubility 
of Cd in Tl was estimated to be about 4.3 at. 
% Cd at 203°C from the thermal data, but 
not determined at room temperature. No X- 
ray work on this system can be found in ex- 
isting literatures. 


§ 3. Determinations of Kinds and Boundar- 
ies of Phases in Tl Base Alloys 


3-1. Case of Tl-Sn 

(a) Kinds and boundaries of phases at room 
temperature 

Accurately weighed quantities of the com- 
ponent metals (99.9+% Tl and 99.999% Sn), 
whose total amount was approximately 2g, 
were melted in sealed Pyrex tube of about 8 
mm in diameter. After air-cooling to room 
temperature, needle-like specimens of about 
0.3mm in diameter were cut from the ingots 
and then annealed for 30~50 hours at about 
100°C in glycerin, and after the room tem- 
perature aging for 2~3 days they were ex- 
amined by X-rays. Cu Ka radiation was us- 
ed with Ni filter. The applied voltage was 
about 40kV and the tube current for the ro- 
tating target X-ray tube was about 50mA. 
The exposure time required was 40~50 
minutes. Among the specimens listed in 
Table I, those designated by symbol A in the 
last column were prepared and heat-treated 
as mentioned above. Another kind of speci- 
mens containing 8~30 at. % Sn was prepar- 
ed in quantity of approximately 10 g using the 
same conditions of preparation and heat-treat- 
ments. These specimens, designated by sym- 
bol B in Table I, were subjected to density 
measurements at first and then examined by 
X-rays. 

Kinds of phases at room temperature ob- 
tained by X-ray diffraction method with the 
annealed specimens is shown in Fig. 3 and 
Table I. The lattice constant measured for 
each specimen attained a constant value with- 
in the limit of experimental error after the 
annealing for about 20 hours at about 100°C, 
and the lattice constants for two specimens 
of the same composition prepared by different 
two methods (see the last column of Table I) 
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Die—aSn 


Fig. 3. 


also agreed with each other after the same 
heat-treatment. As seen from Fig. 3 and 
Table I, the Tl-rich side of Tl-Sn system differs 
considerably from that of Fig. 1. The solid 
solubility of Sn in a-Tl at room temperature 
was reduced to about 1.7 at. % Sn and the 
disordered f.c.c. lattice was observed between 
about 9 and about 28 at. % Sn. No changes 
in diffraction pattern were detected after the 
annealing for more than about 50 hours at 
100°C. For comparison with Sekito’s results 
obtained by quenching from the melt, speci- 
mens prepared in quantity of about 2g were 
melted in Pyrex tube and poured into ice water 
or diffusion pump oil of about —30°C cooled 
by dry ice. The X-ray examination of these 
specimens were finished within about one hour 
after quenching, but showed the same kinds 
of phases as the annealed ones. These speci- 
mens are designated by symbol C in Table I. 

The lattice constants of pure TI! are also 
For comparison, the re- 
sults of other workers are summarized as 
follows: 


a Cc cla ref. 
3.456 +5A 5.530 +6A 1.60 (10) 
3.456642 5.5248+4 1.5983 (15) 


(b) Kinds and boundaries of phases at high 
temperature 

Kinds of phases at high temperature was 
investigated by electron diffraction with thin 
films containing about 78, 23 and 7 at. % Sn, 
which were prepared in vacuum (about 10~° 


1 A-Tl+f. oc. 


TACNCe 


f.c.c.+Sn 


Kinds of phases at room temperature obtained by X-ray diffraction. 


mmHg) by successive evaporation of Sn and 
Tl on Formver films at room temperature. 
Film thickness was of the order of 35 my. 
Specimens were set in camera with heating 
device and diffraction pattern were taken at 
various temperatures. The composition of the 
film was estimated approximately from the 
evaporated quantities of component metals. 

The alloy formation by successive deposi- 
tion of constituent metals was observed as 
seen in some other systems.'® The kinds of 
phases at room temperature after suitable 
heat-treatment was in accordance with the 
results obtained by X-ray diffraction. 

The alloys containing about 78 at. % Sn 
(Fig. 4(a)), which show the mixed patterns of 
disordered f.c.c. and Sn at room temperature, 
exhibit halos superposed on the crystalline 
pattern of Sn at about 164~170°C and, after 
cooling to room temperature, show the same 
patterns as those obtained before heating. 
These alloys were annealed for about 2 hours 
at about 130°C and for about 1.5 hours at 
about 156°C respectively, but no changes in 
the diffraction patterns were observed. There- 
fore, the thermal effect at 144°C shown in 
Hansen’s diagram (Fig. 1(a)) could not be 
confirmed in the present examination. 

The films containing about 23 at. % Sn 
(Fig. 4(b)) gave the pattern of disordered f.c. 
c. phase only. By heating these specimens, 
the pattern completely changes to halos at 
about 256°C without any other change during 
heating. After subsequent cooling to room 
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170°C 
Fig. 4(a). Electron diffraction pattern from thin film of Tl-Sn containing about 78 at. % Sn. 
Fig. 4(b). Electron diffraction pattern from thin film of Tl-Sn containing about 23 at. % Sn. 
a-Tl 
+ 
[2Czc. 
O-T1+ BT! 
176°C i 
Eieaee 
p-Tl 
190°C : 
fGxe: 
190°C @-Tl 


250°C 
Fig. 4 (c). 


temperature, these films show again the pat- 
tern of f.c.c. phase only. With the specimens 
of this composition various heat-treatments 
were carried out: They were (i) aged for 
about a week at room temperature, (ii) an- 
nealed for about one day at about 100°C, (iii) 
after homogenizing for one hour at 160 
~170°C, cooled to 86°C at the rate of about 
0.3°C per minute and then annealed for 5 
hours at 86~80°C. In all cases, no extra 


melt 


Electron diffraction pattern from thin film of Tl-Sn containing about 7 at. % Sn. 


lines and no changes in the relative intensi- 
ties of the disordered f.c.c. lines were observ- 
ed. The diffraction pattern at room tempera- 
ture after the heat-treatment (iii) is given in 
Fig. 4(b). Deducing from their lattice constant 
measurements, Tang and Pauling’? reported 
that an ordered structure exists in f.c.c. 
region of Pb-Tl system, but the direct evi- 
dences could not be obtained, because the 
scattering power of TI is close to that of Pb. 
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If any superlattice were formed in  f.c.c. 
region of Tl-Sn system, it should be detected, 
since the scattering powers of component 
elements are considerably different. 

The specimens containing about 7 at. % Sn 
(Fig. 4 (c)) show the diffraction rings of a-Tl 
and f.c.c. between room temperature and 
about 150°C. No changes were observed after 
annealing for about one hour at about 155°C, 
but the rings of 8-Tl began to be superposed 
on those of @-Tl and f.c.c. phase after an- 
nealing for about 30 minutes at about 176°C. 
After annealing for one hour at about 190°C, 
these specimens exhibited the rings of #§-Tl 
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and f.c.c. only, and these two phases chang- 
ed into the halo pattern at 245~250°C by 
further heating. In some cases, a part of 
the film which showed a-Tl] and f.c.c. below 
170°C indicated 8-Tl only at about 190°C. 
The transformation from (a-Tl+f.c.c.) to (- 
Tl+f.c.c.) is supposed to be very drastic and 
the accurate transformation temperature can- 
not be determined from the present experi- 
ment, but it is estimated to lie between 155 
and 176°C. 

The experimental informations about the 
phase diagram of Tl-Sn system obtained by 
the present investigation may be summarized 


Tesh 


A-T1+ f.c.c. 


12CCy 


f.c.c.+TlySb, 


f.c. c.+TlySb, 


T1,Sb, 


Fig. 5. Kinds of phases at room temperature obtained by X-ray diffraction. 
Table II. 
| | A Number of 
2 Cc cla electrons per 
At. % Sb Phases a (A) | (A) | | rons 
—_— = ———— — —— } ee == = - = ; — 
E12 | a | 3.4622 5.5408 1.6003 3.02, 
a-+f.c.c. 3.03, 
8.1 f.c.c.+a@ 4.8592 3.16, 
9.7 LiCsGe 4.8602 3.19, 
ple f.c.c.+T1;Sb:2 4.8597 | Seer 
15a T1,Sb.+f.c.c. 
22.8 | T1;Sb:z 
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at. % Cd Tl - Cd 
Qa-TI1+Cd 
Comite ed 
Fig. 6. Kinds of phases at room temperature obtained by X-ray diffraction. 
Table III. 
5 ae ' Number of 
Isis G5 (cl Phases a (A) c (A) c/a electrons 
per atom 
— 1s silk: ‘ # ‘ 3.4591 5.5230 1.5966 2.985 
3.6 a 3.4672 5.5343 1.5962 2.964 
aces a+Cd 3.4730 5.5449 1.5966 2.94, 
7.0 a+Cd 
27-0) a+Cd | 
as follows. The kinds and boundaries of treated under the same conditions as those 


phases at room temperature may be confirma- 
tive, and is shown in Fig. 1(b) diagramatical- 
ly. Although further extensive evidences 
will be required for the accurate determina- 
tion of phase boundaries, the solid solubility 
of Sn in a-Tl at room temperature was deter- 
mined to be about 2 at. % Sn and the f.c.c. 
phase was found to be stable between about 
10 and 28 at. % Sn. The high temperature 
portion of this system, deduced mainly from 
the results obtained by electron diffraction 
with thin films, may be somewhat specula- 
tive. From the consideration of the facts 
mentioned above, however, the Tl-rich side 
of the present system seems to be quite dif- 
ferent from that which appeared in Hansen’s 
diagram, but it is suggested that the high 
temperature portion of Tl-rich side of the 
present system is quite analogous to those of 
Tl-Pb and TI1-Bi systems. As for the region 
of f.c.c. phase, the lattice constants and den- 
sity will be described in detail in the next 
paragraph. 
3-2. Case of TI-Sb 

Materials used were 99.9+ % Tl and 99.999% 
Sb. The specimens were prepared and heat- 


described in Tl-Sn system (total amount was 
about 2g). All measurements were made by 
X-ray diffraction at room temperature. The 
experimental results are shown in Fig. 5 and 
Table II. The diagramatical expression is 
made in Fig. 2(b), in which the arrows in- 
dicate the compositions at which the X-ray 
diffractions were carried out. 


x 600 
Fig. 7. Micrograph of the f.c.c. phase in TI-Sn 
containing 20.5 at. % Sn. 
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The solid solubility of Sb in a-Tl at room 
temperature is of the order of one at. % Sb 
and the f.c.c. phase is stable as in the case 
of Tl-Sn system at about 10 at. % Sb. 
Whether this phase possesses a small homo- 
geneity range or not could not be decided 
from the present experiment. Tl;Sb: was 
also observed at about 22 at. % Sb which 
agreed well with that of Fig. 2(a). The 
kinds and boundaries of other phases at 
room temperature differ from those of Fig. 
2(a), but show practical agreement with the 
results reported by Persson and Westgren.!) 
They detected the f.c.c. lattice at about 10 
at. % Sb, and considered it to be #-TI1 stabi- 
lized down to room temperature, because it 
was believed in those days that 8-Tl had the 
f.c.c. structure. They also reported that 
alloys containing 8.1 at. % Sb consisted of a- 
Tl and f.c.c. at room temperature, and again 
this agrees well with the present results. 
Although they did not say anything about 
the solubility limit of Sb in a@-Tl, this limit 
is estimated to be of the order of one at. % 
Sb in the present work. If the phase 
boundaries of @-Tl and f.c.c. at room tem- 
perature obtained from the present study are 
compared with those at 180°C reported by 
Kurzyniec!® (indicated by crosses in Fig. 2 
(a)), the solid solubility of Sb in @-Tl1 at high 
temperatures should be considerably increas- 
ed and marked curvature of a-Tl/(a-Tl+ 
boundary should be observed. A 
systematic study at high temperature will be 
required. 

3-3. Case of TI-Cd 

Materials used were 99.9+% Tl and Merk’s 
Cd. The specimen preparation and _heat- 
treatments were the same as those in TI1-Sb 
system. The experimental results obtained 


' by X-ray diffraction at room temperature are 


shown in Fig. 6 and Table III. It was con- 
firmed that Tl and Cd form the simple eutec- 
tic and no intermediate phases exist at room 
temperature, as shown in Hansen’s diagram. 
The solid solubility of Cd in a-Tl obtained at 
room temperature was of the order of 4 at. 
% Cd which seems to be reasonable as com- 
pared with diCapua’s value,’ 4.3 at. % Cd, 
at the eutectic temperature. 


§4. The f.c.c. Phase in Tl-Sn Alloy 
As mentioned in §1, the f.c.c. phase in Tl 
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base alloys is of interest in connection with 
its electronic structure. Therefore, the lattice 
constant and density of the f.c.c. phase in TI- 
Sn system were measured for the same speci- 
mens, which were prepared as mentioned in 
§3-1, in relation to the electronic structure of 
the f.c.c. phase. 

The X-ray diffraction patterns were photo- 
graphed by Debye-Scherrer camera of the 
usual type whose diameter was 9 cm, calibrated 
against the lattice constant of 99.99% Al. The 
calculated lattice spacings were corrected for 
systematic errors by the extrapolation method 
of Nelson and Riley.'® The effect of film 
shrinkage was considered, but no correction 
for refractivity was made. The experimen- 
tal error was estimated to be about 0.02% and 
all measurements were performed at 32-+2°C. 

The displacement liquid was glycerin which 
was a very good protective liquid for the Tl 
base alloys and whose density was determin- 
ed to be 1.254;gcm-* at 32°C. Specimens 
were microscopically examined and confirmed 
to be free from porosities (Fig. 7). The ac- 
curacy of about 0.1% could easily be obtain- 
ed for the specimens of about 10 g in the pre- 


sent case. All measurements were carried 
out at 32°C. 
The lattice constant a@ and density om 


measured in the present experiment are sum- 
marized in Table I and plotted in Fig. 8. 
Table I also includes the calculated density 
0c, which was calculated from the measured 
lattice constant using the expression p-=mMN 
/a?, where M was the mean atomic weight, 
N the number of atoms in the unit cell, m 
the atomic unit of mass (1.66035 x 10-*4 g), and 
a the lattice constant incm. The percentage 
of filled sites for each composition calculated 
from pm and oe is listed in Table I, and using 
these values, the number of electrons per 
lattice site was calculated. These values are 
also shown in Table I with those of the num- 
ber of electrons per atom, calculated on the 
basis that each unit cell contains four atoms. 
These results of lattice constant and density 
measurements will be discussed in § 5-2. 


§5. Discussions 
5-1. Kinds of phases at room temperature of 


some TI base alloys 
From the considerations of the present re- 
sults with the systems of Tl-Cd, Tl-Sn and 
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Tl-Sb, and of the previous results with those 
of Tl-Ag, Tl-Au, Tl-Hg, Tl-In, Tl-Pb and TI- 
Bi obtained by other workers, some regulari- 
ty in the constitutional diagrams of these 
systems may be deduced. Remarks on these 
diagrams and the solute percentage at phase 
boundaries are summarized in Table IV. Ex- 
cept the elements of Group Ig as solutes, all 
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other elements can be dissolved in a-Tl, and 
solid solubility is most marked for the system 
of Tl-In, both components of which belong 
to the same group, and becomes less marked 
for other systems with increasing solute va- 
lency. The f.c.c. phase is found in the 
systems of Tl-Sn, TI-Pb, Tl-Sb and TI-Bi in 
which the solute elements have higher valen- 


4.85 
cS 
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y 1.5 
5 
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110 & 
ES 
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20 
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Fig. 8. The changes of lattice constant and density with atomic percentage of Sn. 


Table IV. 
At. % of solute at the 
solubility limit 
Group Solute Reman pai Raa = Ref. 
8 Solid solution | TI rich side of 

in a-Tl f.c.c. phase 
Ip Ag eutectic _ = (7) 
Ip Au eutectic — — (7) 
Ilp Cd eutectic ~4 = ee 
Ilp Hg eutectic* ~A4 — (7) 
IlIg | In cont. solid solution** ~10 ~AI (7), (25) 
IVg Sn £ie.C3 ~ 2 ~10 ae 
IVg | Pb £6. c: ~ 3 ~12 (7),(17) 
VB | Sb f.c.c., Tl,Sbe awa l Sal) an 
vies Bi f.c.c., T1Big ~l1 ~ SRE (7), (26)*** 


* A f.c.c. phase exists at about 25 at. % Hg below 14.5°C, but not 


in Tl rich side. 


** Component metals have a tendency to form a continuous solid solution like the systems of Mg- 
Cd etc., but are prevented from doing so because their crystal structures are different. 

** In Olander’s paper, the specimen containing about 4 at. % Bi is reported to be two phases of a 
solid solution and f.c.c.. Therefore, the specimen containing about 5.2 at. % Bi was prepared 
by the present author and confirmed to be a single phase of f.c.c.. 
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cy than Tl, and another intermediate compo- 
und (TIBis or Tl;Sbz) appears in TI-Bi or TI- 


Sb. 


The phase boundary of a@ solid solution and 
Tl-rich side of the f.c.c. phase for each 
system are shown diagramatically in Fig. 


9, taking the electron atom ratio as abscissa. 


It was assumed here that TJ, Sn and Pb ex- 


hibit their group valencies, although it was 


often claimed! that these metals were in- 
completely ionized in the state of element. 
The solute-rich side of the f.c.c. phase will 


_ be different in the electron concentration from 
_ system to system and is not discussed at pre- 
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sent. It is apparent that the phase boundary 
for each system is closely related to almost 
the same electron concentration except the 
case of Sb as a solute. That is, the Tl-rich 
side of the f.c.c. phase corresponds approxi- 
mately to 3.10 electrons per atom, and for 
the hexagonal solid solution, the phase bound- 
ary which is rich in the solutes of higher 
valency than Tl corresponds to about 3.02 
electrons per atom, while that which is rich 
in the solutes of lower valency than TI cor- 
responds to about 2.96 electrons per atom. 
According to Hume-Rothery®) and Raynor 
et al.,*° various factors other than valency 


3.20 


310 73.15 
ratio 


Fig. 9. The ranges of homogeneity in terms of electron concentration. 


are responsible for the stabilities of alloy 
phases. Atomic size factor of the solute ele- 


ments concerned with the systems shown in 


Fig. 9 is about 10% and within the favorable 
zone. That of Ag or Au exceeds 20% and is 
apparently unfavorable, which may be the 
reason why these metals cannot be dissolved 
in a-Tl. Electrochemical difference between 
Tl and each solute element is small, but in 
Tl-Sb and probably in TI-Bi some contribu- 
tion from this factor may be considered. 
The effect of ionic radius may be marked 
only when a relatively large ion of solute is 
forced into the relatively small ions of solvent 
and the electron cloud of the former begins 


to overlap that of the latter, but except the 


case of Hg as a solute, the ionic radius of 
solutes is smaller than that of solvent in the 
present case. As a result, it appears that 
the phase boundaries of some TI base alloys 
concerned in Fig. 9 are affected mainly by 
electron concentration, suggesting that in 
every case the homogeneity of a particular 
structure may be restricted by the appropria- 
te Brillouin zone. 
5-2. N(E) curve for the f.c.c. phase in TI- 
Sn 

As described briefly in § 1, experimental in- 
formations about the high energy portion of 
N(E) curve for the f.c.c. structure have not 
completely been obtained. Since the first Bil- 
louin zone for f.c.c, can contain only two 
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electrons per atom, it is clear that consider: 
ably overlap into the second zone must occur 
across the {111} faces or across both {111} 
and {200} faces in the present case. Calculat- 
ing the N(E) curve for the f.c.c. structure, 
Mott and Jones!) assumed that the energy 
gaps at the surface of the first Brillouin zone 
were equal to those for copper deduced from 
its optical properties. Consequently the high 
energy portion of this curve is highly specula- 


N(E) 


N(E) 


bg «second zone in 
v cundirection 


_7 second zone in. 
¥g (200) direction 


Matyas 
(b) 


Fig. 10. N(#) curve for f.c.c. structure. Nu- 
mericals in these figures refer to the correspond- 
ing electron atom ratios. 

(a) After H. Jones. 

(b) After Z. Matyas. The portion of total 
N(E£) curve in broken line is hypothetical, 
and drawn by the present author. 


tive and seems to be inadequate for the dis- 
cussion with trivalent metals (Fig. 10(a)). Re- 
cent results for Al calculated by Matyas,” 
whose curve* is shown in Fig. 10(b), indicate 
that the first zone is nearly filled with slight- 
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ly less than two electrons per atom but con- 
tains unoccupied states in the form of thin 
slabs parallel to the {200} faces of the first 
zone and that slightly more than one electron 
per atom passes into the second zone. Con- 
sequently the overlap into the second zone 
occurs across the {111} faces but not across 
the {200} faces at three electrons per atom. 

So far as the Brillouin zone effect is con- 
cerned, the lattice expansion may be expect- 
ed with the increasing electron concentration, 
and if the change in composition results in 
the occurrence of the overlap across the faces 
of an appropriate Brillouin zone, a kink in 
lattice constant versus composition curve will 
be produced. It may also be supposed that 
the lattice expansion should be much increas- 
ed if the {200} overlap is superposed on {111} 
overlap, compared with the case of {111} 
overlap only, for the f.c.c. phase concerned 
in the present work. 

The lattice expansion is considered to be 
due to the simultaneous effects of solute 
valency and atomic size difference between 
solute and solvent atoms. In the present 
experiment, volume per atom was taken as 
a measure of atomic size, because Tl and 
Sn have not a cubic symmetry and there may 
be some uncertainty in the concept of usual 
atomic diameter. The change of lattice con- 
stants due to atomic size difference can be 
calculated from Vegard’s law expressed as 


ag=Xagn t(1—x)an , 


where @m and dsn are the lattice constants of 
hypothetical f.c.c. lattices having the same 


volumes per atom as pure Tl and Sn, respec-. 


tively, and x is the atomic fraction of Sn. 
In the present case dsn is smaller than an, and 
therefore, linear decrease in @g with increas- 
ing atomic percentage of Sn should be ex- 
pected. The difference 4a between observed 
lattice constants @ and calculated ones ag may 
be considered as the measure of valency ef- 
fect only to the first approximation, and is 
shown in Fig. 11. 

The large positive deviation from Vegard’s 
law and a kink at about 16 at. % Sn are 
evidently observed. A kink of such kind has 
been detected in c-spacings for Mg-rich alloys 
and has been explained as a result of the in- 
ternal stress present in the lattice due to the 
zone overlap in the direction parallel to the 
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hexagonal axis. Detailed discussions and 
theoretical treatments were made by Raynor?» 
and Jones,” respectively. 

From Matyas’ results and the above dis. 
cussions, it will be suggested that the kink 
observed in Fig. 11 (the corresponding elec- 
tron concentration is 3.16 electrons per atom) 
may be associated with the onset of overlap 
across the {200} faces of the first Brillouin 
zone, although the form of total N(EZ) curve 
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for electron concentration higher than three 
electrons per atom was not given by Matyas. 
There will also be some ambiguity in dis- 
cussing the present results from Tl base 
alloys in relation to the N(E) curve derived 
for Al. 

Matyas’ results suggest the existence of a 
sharp fall in N(E) curve before the onset of 
{200} overlap. The density measurement 


0.02 


made in the present work also suggests this 
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Fig. 11. The change of 4a with atomic percentage of Sn. 
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Fig. 12. The changes of the percentage of filled 
with atomic percentage of Sn. 
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as follows. Since the discrepancies between 
the measured and calculated densities (Fig. 8) 
are much larger than the limit of experimen- 
tal error and the specimens used for density 
measurement seem to be free from porosities, 
these discrepancies may be attributed to the 
formation of vacant sites. The percentage 
of filled sites and the corresponding number 
of electrons per site are shown in Fig. 12. 

The vacant sites gradually increase with 
increasing solute concentration and a maxi- 
mum is reached at about 16 at. % Sn which 
agrees with the atomic percentage at which 
the kink in the lattice constant versus com- 
position curve occurs. After this maximum 
gradual decrease is observed until lattice sites 
are completely filled. The number of valence 
electrons per site (solid line in Fig. 12), 
therefore, shows less increase with increasing 
solute concentration than that corresponding 
to the complete filling of sites (broken line in 
Fig. 12). The introduction of vacancies into 
the structure to avoid rapid increase in the 
number of electrons per site is typical for the 
case where the NM(E) curve has a sharp fall 
which causes more rapid increase in the total 
energy of valence electrons with increasing 
number of electron per site. It is probable, 
therefore, that the rising portion of M(E) 
curve corresponds to the range where vacan- 
cies are disappearing. Therefore, it may be 
said that the portion at which the vacancy 
concentration is maximum would be a trough 
of NE) curve and consequently this portion 
is comparatively unstable. 

The occurrence of vacancy with increasing 
electron concentration, for example, was ob- 
served in solute-rich side of 7-phase in Cu-Al 
or Cu-Ga and is closely related to the sharp 
fall of NM(E) curve for the structure of ;- 
brass type.”*) Both the occurrence and the dis- 
appearance of vacancy were found in some 
Sn base alloys and interpreted to some extent 
by the Brillouin zone structure suggested for 
Sn.) In this case, however, the disappea- 
rance occurs in the range of falling in the 
suggested N(E) curve and hence seems to be 
somewhat different from the present results. 

Now, the existence of the rise in ME) 
curve, which suggests the onset of {200} over- 
lap, following the sharp fall at about 3.16 
electrons per atom is proposed as the result 
of consistent explanation for both changes of 
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lattice constant and density with composition, 
and this is to be expected when Matyas’ re- 
sults are taken into account. 


§6. Summary 


Kinds and boundaries of phases in T-rich 
sides of the systems of Tl-Cd, Tl-Sn and TI- 
Sb were determined by X-ray and electron 
diffraction. Considering the experimental re- 
sults obtained in the present work as well as 
those obtained by previous workers, it was 
deduced that phase boundary of a particular 
structure in Tl base alloys corresponds to the 
same electron concentration, namely, 3.10 
electrons per atom for the Tl-rich side of f. 
c.c. phase, and in the case of the hexagonal 
a solid solution, 3.02 electrons per atom for 
the side which is rich in the solute of higher 
valency than Tl and 2.96 electrons per atom 
for the case of lower valency than Tl. The 
phase boundaries of @ solid solution and f.c. 
c. phase of Tl base alloys, therefore, seem to 
be mainly affected by the electronic factor. 

The changes of lattice constant and density 
with composition in the f.c.c. region of Tl-Sn 
system, which was confirmed to be stable, 
were also measured. The kink observed in 
da, and the formation of vacant sites deduc- 
ed from the discrepancies between the mea- 
sured and calculated density were interpreted 
in terms of the Brillouin zone concept. Con- 
sidering Matyas’ results for trivalent Al, a 
suggestion for the high enery portion of N(E) 
curve for the f.c.c. structure, namely, the ex- 
istence of the sharp fall in N(E) curve at 
about 3.16 electrons per atom followed by the 
rising portion, which suggests the onset of 
{200} overlap, was proposed. 


Acknowledgements 


The writer would like to express his sincere 
thanks to Prof. K. Tanaka of Kydto Univer- 
sity and Prof. Y. Fujiki in this Institute for 
their helpful discussions and encouragement 
throughout the present work. The writer is 
also grateful to Mr. T. Yoshida in this Insti- 
tute for his assistance in carrying out the 
experiments. 


References 
1) N. F. Mott and H. Jones: 
162 (1937) 49. 
2) Z. Matyas: Phil, Mag, 39 (1948) 429, 


Proc. Roy. Soc. A, 


1960) 


3) H.J. Axon and W. Hume-Rothery: 
Roy. Soc. A, 193 (1948) 1. 

4) H. W.B. Skinner: Phil. Trans. Roy. Soc. A, 
239 (1940) 95. 

5) R. Lingelbach and E. Vogt: 
(1959) 441. 

6) R.S. Leigh: Phil: Mag. 42 (1951) 139, 876. 

7) M. Hansen: Constitution of Binary Alloys 

(McGraw-Hill, 1958). 

8) P. Fuchs: Z. anorg. Chem. 107 (1919) 308. 

9) S. Sekito: Z. Krist. 74 (1930) 193. 


Proc. 


Acta Met. 7 


10) H. Lipson and A.R. Stokes: Nature 148 
(1941) 437. 
11) T. Barth: Z. Phys. Chem. 127 (1927) 113. 


12) E. Persson and A. Westgren: 

136 (1928) 208. 

13) E. Kurzyniec: See reference 7). 

14) C. diCapua: See reference 7). 

15) A. Schneider and G. Heymer: Z. 
Chem. 286 (1956) 118. 

LO) eee, Hujikis Jo Phys: 


Z. phys. Chem. 


anorg. 


Soc. Japan 14 (1959) 


Study on Some Tl Base Alloys 


1409 


17) Y. Tang and L. Pauling: 
(1952) 39. 

18) J.B. Nelson and D. P. Riley: 
Soc. London 57 (1945) 160. 

19) W. Hume-Rothery and G. V. Raynor: The 
Structure of Metals and Alloys (Inst. of 
Metals, London, 1954) 53. 

20) C. Tyzack and G. V. Raynor: 
(1954) 505. 

21) G. V. Raynor: Proc. Roy. Soc. A, 180 (1942) 
107. G. V. Raynor: Proc. Roy. Soc. A, 174 
(1940) 457, 471. W. Hume-Rothery and G. V. 
Raynor: Proc. Roy. Soc. A, 177 (1940) 27. 

22) H. Jones: Phil. Mag. 41 (1950) 663. See 
also, J. Goodenough: Phys. Rev. 89 (1953) 
282. 

23) W. Hume-Rothery, J. O. Betterton and J. 
Reynolds: J. Inst. Met. 80 (1951-2) 609. 

24) J. A. Lee and G. V. Raynor: Proc. Phys. Soc. 
London 67 (1954) 737. 

25) L. Guttman: J. Met. 2 (1950) 1472. 

26) A. Olander: Z. Krist. A, 89 (1934) 89. 


Acta Cryst. 5 


Proc. Phys. 


Acta Cryst. 7 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 8, AUGUST, 1960 


Observations of Dislocation Networks in an Alloy of 
Body-Centered Cubic Lattice by 
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Electron microscopic observations were made on dislocation networks 
in thin foils of 55%Cr-Fe alloy annealed at 720°C after cold working. 
Dislocation cross-grids, hexagonal networks and networks of irregular 
shape are observed. From the presence of three-fold nodes, it is sug- 
gested that Burgers vectors of type [100] may be stable as well as those 
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of type 3[111]. 
§1. Introduction 


Direct observation of dislocation networks 
in body-centered cubic metal by electron 
microscopy has not yet been made except 
the one on a-Fe reported briefly by Hirsch”. 
The present writers have found dislocation 
networks in 55%Cr-Fe alloy during their 
studies on the sigma phase formation in body- 
centered cubic matrix. Some of the experi- 


mental results will be described in the fol- 
lowing section. 


§2. Experimental Procedure and Results 


The material used is a forged bar of the 
alloy with the following compositions: Cies 
55%, C: 0.007%, N: 0.007%, H: 0.00023%, 
O: 0.078% and Fe: balance. It was again 
forged to a plate of 0.3mm thick and pieces 
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taken out from the plate were beaten until 
crack began to occur, followed by annealing 
at 720°C for 24 hrs. From these pieces thin 
foils for the electron microscopic observation 
were obtained by electro-polishing under the 
following conditions: 

electrolyte perchloric acid 200 cc/l 

glacial acetic acid 800 cc/l 

current 0.6amp., voltage 12 volt, 8°C. 
The electron microscope was operated at 60 
kV, unless otherwise mentioned. 

Some examples of electron micrographs are 
given in Fig. 1 to 6. Fig. 1 represents an 


BR = ! = ates ce = 


Fig. 1. Dislocation cross-grids constituting slight- 
ly misoriented subgrains. 


Fig. 2. Hexagonal network of dislocations be- 
tween two subboundaries A and B. 


example of dislocation cross-grids, at A, which 
constitute the boundaries of slightly misori- 
ented subgrains. In view of the treatment 
given to the specimen, such a cross-grid seems 
to be fairly stable in this alloy. At sub- 
boundaries B and C, dislocations display double 
images. Subboundary at D is considered as 
consisting of dislocations rather than of in- 
coherent precipitates. Fig. 2 indicates a 
hexagonal network in which segments of the 
network with a particular direction are absent, 
probably because Bragg condition is not ful- 
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filled. The network stretches over between 
two adjacent subboundaries, with two kinks 
near subboundaries A and B. The size of 
each net is smaller at the middle region than 
near subboundaries A and B. In_body- 
centered cubic crystals, it was proposed’) 
that the diamond structure of dislocation net- 
work is stable. Only when two layers of 
diamond network are viewed at a particular 
direction, they look like a hexagonal network. 
Since, in the present case, hexagonal net- 
works were found in many photographs, it is 
unlikely to attribute all of them to the two 
layers of diamond network. Fig. 3 shows a 
cross-grid or a hexagonal array of dislocations 
in which one component of dislocation seg- 
ments is much shorter than the other two. 


Fig. 3. Network with possibly extended disloca- 
tion ribbons and its selected-area diffraction 
pattern. 


At the nodes the dislocations are broadened 
to some extent and they may be interpreted 
as the extended dislocations. In the corner 
of this figure is inserted the selected-area 
diffraction pattern* of the dislocation network, 
in which the trace of the plane of the net- 
work is also shown corrected for rotation of 
the image. The index of the foil plane as 
derived is (1.31, 1.59, 1.00) and the direction 
of the trace of the network [—1.16, 0.327, 
1.00] or [—5.63, 4.00, 1.00]. Hence the pos- 
sible index of the plane of the network is 
(101) or (112). (112) appears more likely if 
we consider the projected width of the net- 


* The spots indicated by arrows have been re- 
touched in order to make reproduction possible, 
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work plane and its inclination to the foil 
plane, although it is not yet conclusive, at 
present, which is more probable. 

In Fig. 4, dislocations in the direction 
marked with the arrow look consisting of 
spots. This may be attributed to the Pendel- 
losung effect. The extinction distance esti- 
mated from the photograph is about 3004 
which is of the same order of magnitude as 
those already calculated for Ni and Cu?). In 
Fig. 5, subboundary A seems to consist of 


ll Bs. _ 
Fig. 4. Dislocation images consisting of spots 
lined in the direction of arrow. 


ES @ i é REZ i. 


Fig. 5. Irregular dislocation networks and three- 
fold nodes. 


dislocations perpendicular to the foil, and 
terminates at B where an irregular disloca- 
tion network is found. In region C where 
subboundaries are not yet completed, many 
of dislocations are distributed in rather 
random fashion. Dislocation nodes at D are 
thought to be formed by a reaction of the 
following type as a result of intersection of 
dislocations in two families. 
4{111]+3[111][100] . 

The presence of this type of nodes and hex- 
agonal networks suggests that in body- 
centered cubic crystal Burgers vectors of 
[100] type may be stable as well as those of 
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2[111] type, as pointed out by Hirsch”, 

Fig. 6(a)* appears to show a process’) in 
which dislocations in two families intersect 
and form network. This region corresponds 
to area A in Fig. 6(b)*. In this figure the 
black broad band running obliquly is a Neu- 
mann band formed by hammering at room 
temperature. The bright area might cor- 
respond to the original single grain before 


Fig. 6(b). 
Fig. 6. (a) Dislocation network being formed 
from intersection of dislocations. (b) Neigh- 


boring region of the area of (a). 


hammering. In areas B and C some of sub- 
grains are found. At D, a subboundary is 
being formed. 
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% This photograph was taken at 50 kV. 
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The crystal structure of CoCl,-6H:;0 has been determined by the X- 


ray single crystal method. 


The unit cell is monoclinic with a=10.34 A, 
b=7.06 A, c=6.67A and @=122°20’. 
the unit cell contains two molecules. 


The space group is C},—C2/m and 


Two Cl- ions and four water 


molecules are octahedrally coordinated to Co?+ ion to form the group 


[CoCl,-4H:O]. 
O---H-O type hydrogen bonds. 
formula unit are far from Co?2+ ion. 


These groups are held together parallel to the 6 axis by 
The other two water molecules of the 
The crystal has the layer structure 
parallel to (001), and this causes the perfect cleavage. 


The structure 


proposed for this salt by Stroganov et al. seems to be incorrect. 


$1. Introduction 


There has been no report on the crystal 
structure of cobalt dichloride hexahydrate, 
CoClz-6H:O, until 1958. Since several years 
ago, the structural information has been keen- 
ly required in relation with the magnetic be- 
havior of this salt at the liquid helium tem- 
perature. Haseda and Kanda” measured the 
magnetic susceptibilities of powdered samples 
of this salt and found an anomaly at about 
3°K. Haseda*) also found the same magnetic 
behavior on the single crystal samples. These 
authors considered this behavior to be caused 
by the anti-ferromagnetic transition. Since 
the above transition temperature is higher 
than that expected when each metallic ion 
was octahedrally surrounded by six water 
molecules as in alums or Tutton salts, they 


inferred that one or two chlorine atoms in 
CoCl:-6H:0 would occupy the positions of the 
octahedral coordination around a cobalt atom 
in the place of water molecules and these 
octahedrons would be adjacent to one another 
without insertion of any atom or any mole- 
cule. It was considered desirable, therefore, 
to examine whether Cl- ions in CoCl:-6H:2O 
were directly coordinated to Co?* ion or not. 

The present work was thus undertaken. 
Rotation, oscillation and multiple-film equi- 
inclination Weissenberg photographs have 
been taken about the a and the b axes with 
Feka and MoKa radiations. The structure 
has been determined in the usual way by the 
Patterson and the Fourier syntheses and has 
been refined by both the difference Fourier 
syntheses and the method of least squares. 


| 
) 
; 


| 
4 
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From the intensities of (h1/) and (1k1) reflec- 
tions, the proposed model has been confirmed 
to be correct. A part of the present work 
was preliminarily reported’. 

Before the present work was not finished, 
Stroganov, Kozhina and Andreev proposed 
in 1958 the crystal structure of this salt, but 
their structure model reported is entirely dif- 
ferent from the result in the present paper. 
The differences will be discussed in §6 and 
it will be concluded that the present structure 
model is reasonable. 


§2. Data from the Literature on CoCl:-6H:O 


In “Chemische Kristallographie, 1 Teil” 
(Groth, 1906) the following data are given: 
the crystal is monoclinic prismatic, the axial 
ratios *a:b:c are 1.4788:1:0.9452, 8B being 
122°19’. The crystal shows a perfect cleavage 
parallel to (001), an imperfect cleavage paral- 
lel to (110) and well-developed faces parallel 
to (100). It is dark red in colour and hygro- 
scopic. The density is 1.924 gr./cm?. 


§3. Experimental 


Dark red single crystals were grown from 
saturated aqueous solution. They were similar 
in habit, especially in well-developed faces 
parallel to (100), as described by Groth. Sam- 
ples used for the X-ray study were cut out 
of these crystals and enclosed in thin-walled 
glass capillaries. They were about 0.30.3 x 
2.5mim?® in dimension. The rod axis was the 
a or the 6} axis. 

At first, rotation and oscillation photographs 
were taken about the a and the 0 axes using 
Mn-filtered FeKa and Zr-filtered MoKa radia- 
tions. Next, multiple-film equi-inclination 
Weissenberg photographs of zero-, the first-, 
the second- and the third-layer were taken 
about the a and the 6 axes using Zr-filtered 
MoKa radiation. These photographs gave the 
unit cell with the following constants: 

a=10.344, b=7.06A, c=6.67A 

OC = Lal 7 F-09945 

B=122° 204 
The number of molecules contained in the 
unit cell was calculated, from these lattice 
constants and the density value, 1.924 gr/cm’, 
to be 2.02, which means the existence of two 
molecules per unit cell. From the indexed 
oscillation and Weissenberg photographs, it 
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was ascertained that general reflections (hkl) 
are present only if h+k=2n and reflections 
(hOl) and (Ok/) are present only if h=2n and 
k=2n, respectively. Thus the space group 
was determined as C3,—C2/m. 

The diffracted intensities on photographs 
were estimated by visual comparison with 
the time-exposure calibrated strips, and also 
by microphotometry, and were corrected in 
the usual way for Lorentz and polarization 
factors. The linear absorption coefficients 
were calculated to be 174.2cm-! and 27.76 
cm“! for FeKa and MoKa radiations, respec- 
tively. Using these coefficients, the rough 
absorption correction was made by assuming 
cylindrical shape of the sample. 


§4. Determination of the Structure 


As a first step, a Patterson projection on 
the (010) plane of the unit cell was made 
using (h0/) data obtained from oscillation 
photographs taken about the 6 axis with Mn- 
filtered FeKa@ radiation. The general position 
is eightfold in the space group C3,—C2/m, 
and since there are two formula units of 
[CoClz:-6H:O], in the unit cell, it follows that 
the cobalt atoms must lie in twofold special 
positions, one of which may be chosen for 
the origin. There were three peaks besides 
those at (0,0) and (4,0) in the projection. 
Two peaks of the former were at the dis- 
tances 2.43 A and 1.50A from the.origin and 
were interpreted in terms of the Co-Cl and 
the Co-O interatomic distances, respectively. 
The angle between the two lines joining these 
two peaks with the origin was about 90°. 
Although the third lowest peak at the dis- 
tance 2.42 A from the origin was not clearly 
interpreted, it suggested the existence of 
water molecules located far from Co atoms. 
Thus, a structure model was tentatively de- 
rived, in which two Cl atoms and four water 
molecules are octahedrally coordinated to Co 
atom to form the group [CoCl:-4H2O] and the 
other two water molecules of the formula 
unit are relatively free. The atoms are lo- 
cated at the following positions: 


(0, 0,0; 4,4, 0)+ 
at (a) 0,0,0 
Ae 03 29%, 0572 
at (J) 
at (7) 


2Co 
4C] 
801 
401 


CA EP IE eR Pd Ps PSS A 4 
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The parameter values for the positions of the 
atoms could approximately be determined by 
the trial-and-error method, using the F(/0/)’s 
obtained from oscillation photographs taken 
about the 6 axis with Zr-filtered MoKa radia- 
tion. They are listed in Table I. The y 


Table I. Parameter values of atoms determined 


by the trial-and-error method. 


Joji Mizuno 


(Vol. 15, 


parameter of O; was estimated, assuming that 
four water molecules around Co atom are ar- 
ranged in a square. The reliability factor, 
R=S\||Fo|—|Foll/2|Fo| was 0.19 for the ob- 
served spectra of F(h0l)’s. No corrections 
for temperature were made in the calculation 
of Fy. 

As the next step, Fourier projections on 
(010) and (100) were synthesized, based on 


istousl x y z the above structure model, using the F(h0/)’s 
baa’ g ae ‘ugliest, and F(0kl)’s obtained from oscillation photo- 
t oa , idee wets graphs taken about the 6 and the a axes with 
S| Iehsis Be a ; Zr-filtered MoKa radiation. Improved values 
4 D5 0Ree | eee’) e of atomic parameters were obtained from 
a0) ny wee rie ili " G4 betihe. these Fourier projections. They are given in 
Table II. Atomic parameters. 
Atom x y @ 
From From From the} From From From the| From From From the 
oscil- Weis- |method of) oscil- Weis- |method of} oscil- Weis- |method of 
lation senberg least lation senberg least lation senberg least 
photo. photo. squares photo photo. squares photo. photo. squares 
Go, 0 | 9 0 0 0 0 0 0 0 
Cl | 0.278, |. 0.278 0.274 0 0 0 OL175 0.172 0.171 
Oy | 0.0288 0.0288 0.0312 +0),221 | 2203213) 2-0.208 02255 0.252 0.251 
Or | OR275 0.275 0.288 0 0 0 0.700 0.707 0.702 


Oy: 4H,O coordinated to Co?+ ion. 


Table II. The reliability factors calculated 
only from observed spectra were ().154 
for the F(h0/)’s and 0.145 for the F(O&l)’s, 
respectively. B, the coefficient in the ex- 
ponent of the isotropic temperature factor 
exp [—B-sin? 6/27], was estimated as 1.5 A? for 
Co?+ and 3.0 A? for Cl- and O*-, respectively, 
from comparison between F. and Fy. 

As the final step, the Fourier projections 
and the difference Fourier projections on (010) 
and on the plane normal to the a axis were 
synthesized, using the F(h0l)’s and F(ORI)’s 
obtained from Weissenberg photographs. In 
these procedures, the y and the z parameters 
were improved as given in Table II. The 
value of B for Co?+ was also improved to be 
1.7A®. The reliability factors were 0.137 and 
0.135 for the F(h0l)’s and the F(0R/)’s of ob- 
served spectra, respectively. The method of 
least squares was finally applied and the 
atomic parameters were determined. They 
are listed also in Table II. The Fourier pro- 
jections finally synthesized are shown in Fig. 
l(a) and (b). The calculations of the method 


Orr: 


2H,O far from Co?* ion. 


of least squares and the final Fourier syn- 
theses were carried out with PC-1 Parametron 
Computer of Tokyo Univ.. 

Table III gives a comparison between ob- 
served and calculated structure factors for 
the present structure model. The agreement 
is fairly good, and the reliability factors are 
0.196 and 0.160 for all (A0/) and (OR/) ampli- 
tudes, for which the maximum observed 
values of sin 0/2 were 0.8324 and 0.7773, re- 
spectively. These amplitudes include those 
of unobserved reflections. The reliability 
factors for F(h0/)’s and F(ORl)’s of observed 
spectra alone are 0.132 and 0.121, respective- 
ly. In the calculation of F., the values of the 
atomic scattering factors were taken from 
“ Internationale Tabellen zur Bestimmung von 
Kristallstrukturen YL” (1935). In the calcu- 
lation by PC-1 computer, they were taken 
from the paper of Vand, Eiland and Pepinsky®. 


§5. Description of the Structure 


The schematic representation and the ar- 
rangement of atoms projected on (010) plane 
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Fig. 1(a). 

Fig. 1. The final Fourier projections of electron density on (010), (a) and ona plane normal to 
the a axis, (b). Contours are drawn at intervals of 2eA-2. Co atom is contoured at intervals of 
4eA-2, In (b) contours of 15.5 and 15.7eA-2 are drawn at the central region of Oy.; and Oj... 
Negative areas are shaded. Crosses show the final atomic positions. 


are shown in Fig. 2 and Fig. 3, respectively. sing 
“ON, 


As seen from the former figure, two Cl~ ions 4 

, U; 
and four water molecules are octahedrally UT, 
coordinated to Co?+ ion to form the group O 


[CoCl.-4H:O]. These four water molecules 
are arranged in a square form. The other 
two water molecules of the formula unit are 
located far from Co?+ ion. 

Exactly speaking, the two side lengths of 
the square of water molecule are not equal 
but estimated to be 3.05A and 2.94 A, respec- 
tively, and hence the form is a rectangle 
close to a square. The plane of the “ square ” 
is perpendicular to (010) and is inclined to 
the c axis by an angle of about 10°. The 
Cl--Co?+-Cl- bond is perpendicular to the 
plane of the “square”. Interatomic distances 
and interbond angles are given in Table IV. 
From both the distance between O; and On 
and the angle “Oy;:--On---Oy, it is almost 
certain that the groups [CoCl.-4H.O] are held 
together parallel to the b axis by O---H-O Fig. 1(b). 


(Vol. 15, 


) and (Ol) reflections, 
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H2O0 Cl Cl 


Fig. 2. The schematic representation of the crystal structure of CoCl,-6H,0. 


type hydrogen bonds between Oy; and Oy. As 
seen from. Fig. 3, the structure is also com- 
posed of atomic layers parallel to (001). Thus, 
the perfect cleavage parallel to (001) can 
reasonably be explained. 


§6. Discussion 
Stroganov eft al. already reported the crystal 
structure of CoCl:-6H:O. According to them, 
important data of the structure are as follows: 
i) Space(group: 1C5=P2,/e 
ii) Unit cell dimensions: a@=6.58kX, b=7.03 
kX, c=11.50 kX, P=49°30’ 


iii) Four water molecules and two Cl- ions 
are coordinated to Co?+ ion to form the group 
[CoCl:-4H:O], in which four water molecules 
are arranged in a rectangular form around 
Co?2+ ion. The side lengths of the rectangle 
are 2.6kX along the b axis and 3.3kX along 
(010), respectively. The angle between the 
Cl--Co?+-Cl- bond and the normal to the 
plane of the rectangle is 19°. The interatom- 
ic distances Co-H:O and Co-Cl in the group 
are 2.12kX and 3.10kX, respectively. 

iv) The other two water molecules of the 
formula unit are located near the group 
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Cl (1) 
ji (1) 
122°20 e 
1S) 


Ont) 


O1(2) : 


Ci (2) 


OC . 


a 


Gly: 


Fig. 3. The arrangement of atoms projected on (010). 


Table IV. Interatomic distances (in A) and 
interbond angles. 


Refer to Fig. 2 Refer to Fig. 3 
Co(1)-01(1,2,3,4) 2.12 Oj(1)-O1(2) 3.69 
Co(1)-Cl(1, 2) 2.43 O;(1)-On(1) 3.14 
Oy(1)-O7(4) 3.05 Ong-Onl) 3477 
Oy(1)-07(2) 2.94 Ci(1)-On(1) 3.48 
Ci(1)-Oy(1) 3.22 CK(2)-On(1) 3.20 
Be on, 2.69 On(1)-On(2) 4.26 
01(7)-On(1) i Co(1)-On(2) 4.07 
Ox(5)-C1(4) } 3.17 
O1(6)-Cl(4) : 

C1(3)-C1(4) 4.07 
C1(1)-On(1) Se 
Oy(2)-Or1(1)-O7(7) 100° 
Oj1(3)-Ox(6)-Co(2) 115° 
C1(4)-O7(6)-Co(2) 124° 
Or1(3)-Oy(6)-C1(4) 90° 


[CoCl.-4H:O] and symmetrically to Co?+ ion 
in the plane (010). The interatomic distance 
Co-H:O is 3.20kX, and the angle between 
O-Co-O line and the normal to the above 
rectangle is 40°. 

v) The cleavage plane is (010). 

Compared with their structure model, the 
data of the present structure are as follows: 
i) Space group: C3—C2/m. 

ii) Unit cell dimension: a=10.344, b=7.06 
AAC36:67 Agr B=122° 20% 
iii) The group [CoCl:-4H:.O] is formed similar- 
ly to their structure model, but its detailed 
structure is different. Four water molecules 
are arranged in the “square” around Co?+ 
ion and the Cl--Co?+-Cl- bond is perpendicular 
to the plane of this “square”. The Co-H.O 


and Co-Cl distances are 2.124 and 2.434, 
respectively. The other two water molecules 
of the formula unit are by 4.07 A distant from 
Co?+ ion. The fact that two kinds of water 
molecules exist in the present salt, namely, 
one is located near Co?+ ion and the other 
far from it, was also deduced in the study 
of proton magnetic resonance by Sugawara”. 
iv) The structure leads to the perfect clea- 
vage parallel to (001) in accordance with 
Groth®. 

Sugawara’s result and the result (iv) sug- 
gest that the present model is more reason- 
able one than that reported by Stroganov et 
al.. It is noticed, however, the fact that the 
following four kinds of the atomic arrange- 
ment, (I), (II), (III) and (IV) are conceivable 
so far as the Fourier projections shown in 
Fig. 1(a) and (b) are concerned. In the ar- 
rangement (I), which was adopted by the 
present author, Cl and Oy in Fig. l(a) are 
located at (x,0,z) and x,4,2z), respectively, 
and the former atom is coordinated to Co at 
(0,0,0), and Oy. and Oye in Fig. 1(b) are 
located at (x,y,z) and (x, 4—y, z) and coordi- 
nated to Co at (0,0, 0) and Co at (3, 3, 0), re- 
spectively. In the arrangement (II), Cl and 
On in Fig. 1(a) occupy the positions of the 
arrangement (I) and Oy.2 and Oj. in Fig. 1 
(b) are coordinated to Co at (0,0,0) and Co 
at (4,%,0), respectively. Consequently, four 
water molecules coordinated to Co are ar- 
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Fig. 4. The arrangement of atoms projected on (010) of the structure determined by Stroganov 


et al. 


canged in arectangular form. In the arrange- 
ment (III), Cl in Fig. 1 (a) is located at (x, 4, z) 
and coordinated to Co at @, 4,0), and Oy is 
ocated at (%,0,z), and Oy.1 and Oy. in Fig. 
l(b) occupy the positions of the arrangement 
J). In the arrangement (IV), Cl and Oy in 
Fig. l(a) are located at the positions of the 
arrangement (III) and Oy.1 and Oy.2 in Fig. 1 
b) are located at the positions or the arrange- 
nent (II). 

_It is interesting to note the circumstance 
that the projections on (010) of the atomic 
arrangements (III) and (IV) are very similar 
0 the portion surrounded with broken lines 
n Fig. 4 which represents the atomic arrange- 
nent proposed by Stroganov ef al.. In this 
igure a’ and c’ are related to their a and c, 
espectively by the following vector equations: 


eae 


C=C 

a’ =c—2a 
[The length of a’ is 10.4kX, and @’ makes an 
ingle 123° with c’. As the length of c’ is 


6.58kX, the unit cell formed by a’, b and c’ 
is nearly equal to that of the present struc- 
ture. 

It is important to determine which one of 
these four kinds of the atomic arrangement 
is correct. Because of F.=82'f cos 2z(hx+lz)- 
cos 2zky, this can not be determined by (0/) 
and (0k/) data alone but by (1) and (1R/) 
data. The reliability factors for the above 
four atomic arrangements were calculated 
using thirty-one F(/1/)’s and seventeen F(1k/)’s. 
They are listed in Table V. These data show 


Table V. The reliability factors for four kinds 
of the atomic arrangement. 


Kind of atomic Reliability factor 
arrangement 
for F(hll)’s | for F(1kl)’s 
(1) 0.11 0.087 
(II) 0.25 0.35 
(IIT) 0.91 0.89 
(IV) 0.92 0.84 
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that the structure I is decidedly reliable. 

In a single crystal as well as a powdered 
sample of NiClz-6H2O isomorphous to CoCl:- 
6H:0 the antiferromagnetic transition was 
found at about 6°K®.®. According to the 
preliminary study on the structure of the 
former salt by the author!, this salt seems 
to resemble CoCl:,-6H:O in its atomic arrange- 
ment. The structure analysis of NiCl:-6H2O 
is now in progress. 

The author wishes to express his sincere 
thanks to Professor S. Ogawa for his con- 
tinued encouragement throughout the present 
work. His hearty thanks are also due to 
Professor T. Sugawara of the Institute for 
Solid State Physics, Tokyo University and 
Mr. T. Ukei for their valuable discussions. 
He is also indebted to Dr. T. Haseda and Mr. 
T. Sato for preparation of the good single 
crystals, and to Dr. Y. Takeuchi, Mr. M. 
Tokonami and the members of Professor R. 
Sadanaga’s laboratory, Tokyo University for 


Joji MIzUNO 


their aids in calculations using PC-1 Para; 
metron Computer. | 
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By Akira NAGASAWA* and Shiro OGAWA 
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Well oriented silver films have been formed by evaporation onto heated 
cleavage (001) surfaces of rock-salt in vacuum, the evaporation period 
having been changed in a wide range in case of the thickness kept at 
about 400 A, and the influence of the formation speed on the twinning 
in the films has been examined by electron diffraction and electron 
microscopy. The diffraction patterns have shown that the frequency of 
the twin formation is not seriously decreased by the lowest formation 
speed, but that imperfections such as bending or twisting of films are 
largely decreased. The interference fringes caused by the dynamical 
effect have been observed on the electron micrographs of slowly formed 
films. This fact means that the slow formation of films decreases also 
imperfections such as dislocations and vacancies and makes the lattice 


more perfect. The fringes are believed to be so-called equal thickness 
fringes originated from wedges due to the twin formation. 


§1. Introduction 


On the transmission electron micrographs 
of evaporated single-crystal-like films of sil- 
ver, gold, copper, nickel and palladium, a 
number of parallel broad striations running 
along two orthogonal directions were observed, 
and they were considered to be caused by 
twin lamellae, the contrast being due to the 
Bragg reflection”. This consideration was 
later proved by a selected area diffraction??. 
A similar fact was found also in case of 
nickel films electro-deposited on a single cry- 
stal of copper®. The twin striations corre- 
spond to the twin spots on the electron dif- 
fraction patterns. 

There is an interesting result obtained by 
Thirsk? that the untwinned single-crystal 
structure was found by electron diffraction in 
platinum films very slowly formed on fresh 
cleavage face of potassium chloride in vacuum 
by several-hour evaporation. It may be con- 
sidered that the slowdown of the formation 
speed increases the perfectness of the crystal 
lattice because of the removal or the decrease 
of various kinds of imperfection. Since the 
growth twinning is caused by a stacking 
fault which is a kind of crystal imperfection, 
the decrease of the twin formation might 
also result from the slow evaporation. It 
was thought to be interesting to study by 


* Present address: Department of Physics, 
Faculty of Science, Osaka City University, Osaka. 


electron diffraction and electron microscopy 
whether such an effect on the twin formation 
could be observed in cases other than plati- 
num or not, and thus the present work was 
started. 

According to the present results obtained 
in evaporated silver films, the slowdown of 
the formation speed does not seriously influ- 
ence the twin formation but considerably 
decreases such imperfections as vacancies, 
dislocations and sub-boundaries. Furthermore, 
the improvement of perfectness of the lattice 
gives rise to interference fringes due to the 
dynamical effect, similar to those observed 
by Bassett and Pashley®. The present report 
will discuss also the nature of these fringes. 


§2. Experimental 


Many single-crystal-like films of silver were 
formed on fresh (001) cleavage faces of rock- 
salt heated at 180°C in vacuum. The mean 
thickness of each film was always controlled 
to be about 400 A, and the formation speed 
was arranged to range from 400A to 0.02 A 
per second. For reference, thin films of gold 
were formed on (001) cleavage surfaces of 
rock-salt heated at 400°C. 

An electron diffraction camera with the 
camera length of 309mm and an electron 
microscope with the resolving power of about 
30 A were used. The applied voltage was 
50 kV in both apparatus, 
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§3. Results 


Photo. 1 shows electron diffraction patterns 
and electron micrographs, taken from silver 
films epitaxially grown on rock-salt, in serial 
order of the formation speed. On the diffrac- 
tion patterns of the normal incidence the twin 
spots appear to decrease their intensity with 
the decreasing formation speed and to vanish 
on the pattern, (c:). On the other hand, they 
do not seriously change their intensity at the 
[101] incidence. The twin formation in evapo- 
rated silver films, therefore, is not largely 
influenced by the formation speed, against 
the expectation. The twin spots were found 
even on the diffraction pattern of the [101] 
incidence obtained from the specimen formed 
by seven-hour-evaporation. The rather strong 
streaks along the <111> direction were ob- 
served on all the diffraction patterns of the 
[101] incidence and also on the patterns of 
the normal incidence when the formation 
speed was low. The streaks behave with the 
change of the formation speed in almost the 
same way as the twin spots. They are 
thought of as due to stacking faults. On all 
the electron micrographs dark striations are 
seen. They run along two perpendicular 
directions which are the intersections of the 
film plane with two (111) planes*. It seems 
that the lower formation speed gives rise to 
a little decrease of the number of the stria- 
tions. The annealing of the films in vacuum 
at 180°C had very little effect on the stria- 
tions. 

The lower formation speed, however, seems 
to influence largely the aspect of the stria- 
tions. This is seen in Photo. 1 (cs) and Photo. 
2 both of which were taken from the four- 
hour-evaporation film. In these micrographs, 
the dark striations are often split into fringes 
consisting of three or four fine lines. It 
should be noted that the fine lines are regu- 
larly spaced, in most cases, at intervals of 
about 200A. The fringes are quite similar 
in their feature to those observed in an evapo- 
rated gold film by Bassett and Pashley. Ac- 
cording to the present authors’ opinion, how- 
ever, they are, mostly, not caused by stack- 


* The striations were also observed in (011) 
films of silver grown epitaxially on the (011) clea- 
vage surfaces of rock-salt. They run along three 
directions which are the intersections of the film 
plane with three (111) planes. 
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ing faults against the opinion of Bassett and! 
Pashley, but are so-called equal thickness3 
fringes caused by wedge-shaped parts due to) 
the twin formation. The discussion will be? 
given in the next section. 


§4. Interpretations and Discussions of ther 
Results | 


The twin spots and the streaks passing) 


them, seen on the diffraction patterns of the: : 


normal incidence obtained from the quickly’ 
formed films, make their appearance owing! 
to bending or twisting of films, as they lie 
on the body diagonals of the reciprocal lat-- 
tice. The disappearance of them on the dif-- 
fraction patterns of the normal incidence ob-: 
tained from the slowly formed films, there-. 
fore, means not the decrease of twins of’ 
stacking faults but the decrease of bending! 
or twisting of films. As the bending or the: 
twisting is thought of as originated from) 
sub-boundaries, these boundaries are decreased | 
by the lower formation speed. The decrease: 
of the striations on the micrographs of the: 
normal incidence with decreasing formation) 
speed does not correspond to the actual de- | 
crease of twins or stacking faults, too. It is) 
not unnatural to suppose that such imperfec- | 
tions as dislocations and vacancies are also) 
decreased in the slowly formed films, and this} 
tendency of the decrease of such imperfec- | 
tions can be deduced from the fringes ob- | 
tained from the very slowly formed films, | 
because the dynamical interaction will not be: 


strong unless the perfectness of the lattice is || 


considerably high. 


Recently, Bassett and Pashley®) obtained 


fringes similar to those in the present work 
from an evaporated gold film and ascribed | 


the origin of them to stacking faults, as. 
Whelan and Hirsch®.”) discussed. There 
seems, however, to be an alternative explana- 
tion in the present case, i.e, that which con- 


siders the present fringes as the equal thick- | 
As | 
illustrated in Fig. 1, there are wedge parts. 


ness fringes due to the twin formation. 


in both the normal crystal and the twin cry- 
stal. The equal thickness fringes may be 
formed in either of the wedge parts, provided 
that electrons diffracted in one side of the 
twinning plane behave incoherently in the 
other side of the plane. 
both sides of the (111) plane behave coherently 


The two lattices on 


1960) 


C1 


Photo. 1. Electron diffraction patterns and 


speeds. 
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(a): 400 A/l minute, (b): 400 A/10 minutes, (c): 400 A/4 hours. 
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electron micrographs obtained for various formation 


Diffraction patterns 


were obtained by the normal incidence in (a1), (b:) and (¢;) and by the oblique incidence in 


(az), (b2) and (¢2). 


graphs, (a3), (63) and (¢3), correspond to (a;), (61) and (¢;), respectively. 
the twin striations are shown by the arrows. 


with each other in case of stacking faults. 
In order to decide which explanation is 
adequate in the present case, it is necessary 
to compare calculated values of the line 
interval and the whole width of fringes with 
observed values. MacGillavry’s formula® for 
the intensity transmitted through the lattice 
(Laue case) is approximately expressed as the 


following equation: 
i= #1 Dy cos ( n= \t (el) 


and 


The beam is parallel to a face diagonal in the later case. 


Electron micro- 
The twin spots and 


£ {( ae) eS | —1/2 
as \\ 2E of Anxa J : 
where J, is the intensity of the incident beam, 
Vax. the Fourier coefficient of the lattice po- 
tential for (hk/) reflection, 4 the wave length 
of the incident beam, £ the accelerating 
voltage, Do the extinction distance, D the 
penetration depth along the incident direction, 
6 the glancing angle of (hkl) plane, 4 the 
Bragg angle of (Ak/) plane and dax the inter- 
planer spacing of (hk!) plane. In case of the 
equal thickness fringes arising from such a 
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wedge as shown in Fig. 2(a), the interval of the planes, (200), (020), (220), (220), (400), (040), 
fringes, Sw, on the electron micrograph is (420) etc., of the normal lattice and the planes, 
given by (220), (204) etc., of the twin lattice. The line 

w=D. cota, (3) intervals, Sw and Sr, are calculated by using 
the above mentioned equations and shown in 
Table I. Inthe calculated values of Sw, that 


where a is an angle between the (111) plane 
and the film surface. In case of a stacking 
fault, on the other hand, the extinction dis- 
tance, D,’, is given as the following expres- 
sion”: 


VE 
- (oon >” . 


D 


Dy = ) (1—x?)-1/72 ; (4) 


2 


(Qa) 


Fig. 2. Formation of fringes due to the twin 
formation (a) and due to a stacking fault (b). 
The angle, a, is 54°44’ in both cases. 


Table I. Calculated values of extinction distance, 
Do, and line intervals of fringes, Sw and Sp, of 
silver for 50kV electrons. 


Reflection Ds(A) Swa) Sz (A) 

ac SN, q =— | —— 
Ss - (200) 190 134 67 
’ (0.5 = 2 (400) 411 291 145 
eT ool (600) 723 511 256 

Photo. 2. Electron micrographs of silver film 
; (800) | 1070 756 378 
formed by four-hour evaporation. 

(220) 273 193 97 
NORMAL CRYSTAL (420) 505 shaV/ 179 
pCR STAG: 0 (440) 686 485 243 


for (220) reflection, 193 A, best fits to the ob- 
served interval, about 200 A. In the calculated 
values of Sr, on the other hand, those for 
(600), (420) and (440) reflections seem to fit. 
Fig. 1. Schematic picture of (001) film twinned However, the calculated value of the whole 
on (111) plane, viewed from <110> direction. width of the fringe, d, should also be com- 
pared with the observation. J; the present 
where x is a parameter indicating the devia- fringes are caused by a stacking fault, d is 
tion from the Bragg angle. If (@—@)) is zero, calculated by 
Dy’ is just half of Do. Thus the interval of 


i 
a) 


fri due t tacki fault" acisseat Mice ee 
ringes due to a stac , paciS, ; ' 

wits Ba oe eet Facies as shown in Fig. 2(b). In the present study, 
maximum, given by 5 

the mean thickness of films, ¢, was always 

Sra Come (5) controlled to be about 400A, and it gives 


about 280A as the calculated width. This 

The circumstances are illustrated in Fig. 2(b). value is far smaller than the observed value, 
Under the condition that the incident beam about 600A. This discrepancy proves the 
is nearly perpendicular to the [001] film plane, inadequacy of the explanation by a stacking 
lattice planes parallel to the (001) direction fault. Though the increase of local thick- 
have chances to reflect electrons. They are ness due to the patch-like structure may 
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somewhat favour to decrease the discrepancy, 
it will not change the general trend. Ac- 
cording to the explanation by wedges due to 
the twin formation, on the other hand, the 
calculated fringe width is possible to be about 
600 A, as shown in Fig. 2(a), if the thickness 
of a twin layer is moderate. Therefore, there 
is a considerable possibility that the present 
fringes are produced by the (220) reflection 
of the normal lattice in the wedges. This 
well coincides with the fact that no twin 
spot is found in the diffraction pattern, (c:) 
in Fig. 1. The (220) reflection can also take 
place in the twin lattice, but it is a common 
reflection to both lattices, and hence the equal 
thickness fringes cannot be produced in that 
case. 

Gold films about 400 A thick were formed 
by three-hour-evaporation on cleavage faces 
of rock-salt at 400°C and examined by elec- 
tron microscopy. The interference fringes 
were also observed and the line interval was 
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about 130A. The calculated value is 132A 
in the wedge case for the (220) reflection 
from the normal lattice. This coincidence 
between calculation and observation strongly 
supports the present authors’ opinion. 

The present authors iwish to express their 
sincere thanks to Dr. D. Watanabe and Mr. 
Y. Fukano for their valuable discussions. 
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The linear relation (Hall’s formula) and the quadratic relation between 
the integral breadth and the scattering angle can be derived from the 
general formula for intensity distribution by the assumption of the ap- 
propriate distribution for both size and strain. The use of these two 
formulae (line breadth method) can give not only the magnitude but also 
the plausible distribution for strain and size. The advantage of this 
method consists in the point that the magnitude and the distribution for 
size and those for strain can be separately obtained, in contrast with 
the Fourier analysis of line profile (line profile analysis method). The 
line breadth method is applied to the polished surfaces of Ag and Au 
and the results obtained are confirmed to be correct by the line profile 
analysis. On the other hand, the line profile analysis is required to 
study the strain variation with the depth in specimens, as far as only 
one kind of radiation is used. This strain variation can be observed by 
the line breadth method with the use of different radiations, and the 
comparison is made between the results from the line breadth method 


and from the line profile analysis method. 


§1. Introduction 


Fourier analysis of X-ray line broadening 
(line profile analysis method) has presented a 
useful information on lattice imperfections 
since Warren and Averbach” first developed 
this method. The two parts of a Fourier 
coefficient due to size and strain, however, 
could not be separated without any assump- 
tion. This difficulty was discussed in detail 
by Williamson and Smallman®”. On the other 
hand, Hall) had already observed for many 
cold-worked metals the dependence of line 
breadth on diffraction angle which he had 
derived under the simple assumption of ad- 
ditivity of the strain and size effects. Hall’s 
formula is still often used to obtain the mag- 
nitude of size and strain in the field of metal- 
lurgy, because it is more convenient than the 
Fourier analysis method. 

It has been generally recognized that Hall’s 
formula or another formula (quadratic for- 
mula) for the angular dependence of line 
breadth is simply empirical and cannot give 
so much information on the distribution of 
strain and size as the line profile analysis 
does. As already pointed out in the previous 
paper*, these two formulae can be derived 
simply under the assumption that both the 


line profile due to size and the one due to 
strain are either Gaussian or of Gauchy. 

In this paper, however, these two formula 
will be derived with a physical significance 
from the general formula for the intensity 
distribution on a diffraction line by the as- 
sumption of the appropriate distribution for 
size and strain. In other words, the plausible 
distribution and the magnitude for strain and 
those for size can be obtained separately if 
any one of these two formulae can well ex- 
plain the observed angular dependence of line 
breadth. (This method is, hereafter, called 
as the line breadth method.) This method 
seems quite useful because it is not only 
more convenient than the line profile analysis, 
but also has the advantage mentioned above. 

The line breadth analysis will be applied 
to the polished surfaces of Au and Ag and 
the results will be confirmed in §5 by the 
line profile analysis. If a specimen gives rise 
to a dominant strain broadening, the com- 
parison can be easily made between the re- 
sults from the line breadth method and from 
the line profile analysis method. Polished 
surface of metals, as shown in this paper, 
gives a strain.broadening about ten times 
larger than that due to size and can be con- 
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sidered to be a suitable sample. This is the 
reason why the polished metals were chosen. 
Although the line breadth method gives the 
same information as the line profile method 
does, the use of different radiations is required 
to study the strain variation with the depth 
in specimens. On the other hand, the line 
profile analysis method gives enough informa- 
tion to know the strain variation, even if 
only one kind of radiation is used. ‘This 
‘point will be shown in this paper with the 
comparison between the results from the two 
methods. 
_ This paper also deals with the study on 
the distorted structure of the inner part under 
the Beilby layer by the line breadth method. 


§2. Experimental Conditions 


- Some annealed plates of silver and gold 


(40mmx40mmx5mm for Ag and 25mm 
x25mmximm for Au) were polished by 
emery papers and lapped by cloth with car- 
borandum and rouge in order to obtain the 
flat surface. The surface was etched as 
heavily as a fresh flat surface appeared, and 
was finally polished by chamois leather for 
a considerably long time. During polishing, 
they were pressed onto a rotating disc with 
the pressure of 100g wt./cm?. The polishing 
apparatus has been previously described*’. 
The time of polishing is listed in Table I. 

After the line profile was recorded, every 
specimen was annealed for about 40 hours at 
400°C, and again recorded. The profile of 
diffraction lines was observed by the Norelco 
x-ray diffractometer. A proportional counter 
operated at 1850 v was covered by a suitable 
filter. Divergence and scatter slits had 1° 
openings and a receiving slit 0.006in. The 
driving speed of a counter was 1/8° a minute. 

As numerous diffraction lines had to be 
observed, a rate meter and a recorder were 
used. A reliability of a recorded line profile 
was confirmed by comparing it with the pro- 
file observed by the fixed time counting. The 
driving speed of a recording chart was half 
an inch a minute. 

The precise intensity distribution of the 
background scattering was also obtained by 
counting the intensity at many positions where 
any diffraction line could be observed. The 
overlapping of the adjacent lines was esti- 
mated by the background scattering curve. 


Diffraction lines were observed by using 
three different radiations (CuKa, FeKa@ and 
MoKa), in order to study the change in state 
with the depth from a surface. In the case 
of Mo radiation for gold specimens, a nickel 
filter in addition to a Zr filter was used in 
front of a counter to eliminate the fluorescent 
Au L radiation*. 

The breadth of lines becomes sharp if more 
than one day elapses after polishing. This 
is due to the recovery effect in the polished 
state. The rapid observation of the line 
broadening should follow polishing. This is 
another reason why a rate meter and a re- 
corder were used. 


§3. Theory of Line Broadening** 


The general formula of intensity distribu- 
tion on a diffraction lines is given by Esta- 
brook and Wilson® as 


[(28) = K NF ?(28) ©) S(Rm)J(H, Rm) 
x exp [27isRm| 5 ( 1 ) 
where 


JU, Rn) =| Pee Rn)exp[27iHe(Rmn)Rm|de(Rm) , 
2) 


and K is dependent upon # but assumed con- 
stant in the vicinity of any reflection, N the 
average number of unit cells in a crystallite, 
and s=2(sin &—sin &g)/A, H=2 sin dy/d. 

The range of summation extends to infinity, 
introducing the shape function S(Rn). Pre, 
Rm), called the strain distribution function, is 
a probability of two cells Rm distance apart 
for which the average strain is e(Rm). Nor- 
malization is made respectively for the shape 
and the strain functions: 


SO) =i anaterh n=|Pe, Odea BAKHSD 


Let us show below that the typical formulae 
for the angular dependence of line breadth 
can be derived from the general formula (1), 
assuming the appropriate distribution for both 
strain and size. It will be shown from this 
calculation that the linear formula (Hall’s 
empirical formula) can be derived from the 


* Cu foil is of course the most suitable filter 
eliminating Au L. As a nickel filter, however, 
can be readily obtained, it is used here. 

** This part and next section have been already 
read at the meeting of Physical Society of Japan, 
April, 1959. 
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two different types of distribution for strain 
and size and the quadratic formula from the 
Gaussian distribution. 


I. Gaussian type 
At first the Gaussian type of distribution 
function is assumed for both functions: 


S(Rn)=exp [—(z7/C?) Rm? ] , (4) 


and 

Pe, Rm)=(1/E) exp [—(z/E*)e"] , (5) 
where C is the integral breadth of the shape 
function and E the integral breadth of the 
strain distribution. E should be in general 
dependent not only upon R,» but also upon 
the location of the relevant unit cells. It is, 
however, assumed here not to depend on these 
factors for the convenience of calculation. 
Such an approximation will be discussed in 
§6. The root mean square values of size and 
strain are C/i/27 and. E/\/2z, respectively. 
Substituting (5) into (2), 


JACEE, Rm)=exp [—7 Ee? A? Rn? | ( 6 ) 


is obtained. From (1) the intensity profile is 
obtained; 
i. 


1(20)=KNFs( oa) ae 


xeno| — Laem | 
(1/C)+E*H? } |- 
dz is an interplanar distance for the lowest 
order. This profile is also of the Gaussian 


form. The integral breadth in the present 
case becomes the quadratic formula: 


(B cos 8/4)? =(1/C)?+4E*(sin 8/2)? . (8) 
This relation has been so far recognized em- 
pirically in some cases. 


Il. Cauchy type for the strain distribution 
Shape function is, here, assumed to be of 
the form 


(7) 


S(Rm) =exp [—(2/C ) Rm] (9) 


C is the size of a mean crystallite and the 
physical meaning of this derivation will be 
discussed in §6. Strain distribution function 
is assumed to have another familiar type 


jee Rn)=(1/E)( (10) 


1 
1+(2/E*)e? ) 
(E£/2) is considered as the magnitude of mean 
strain, though the Cauchy distribution has 
not any moments. Then J(H, Rm) is given by 


JA, Rm)=exp [—2EH|Rnl] . (11) 
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The line profile, therefore, becomes a Cauchy; 


form: 
Ce ee oh 
Kain SNe ie rare 7 oe 252 
The integral breadth is expressed by 
B cos 3/A=(1/C)+2E(sin 3/2) . (13}) 
This has been also so far recognized empiri 
cally in many cases as Hall’s formula”. 
In‘contrast with case I, the linear formul 
(13) can also be derived from the different 
distribution, as shown below. 


(12? 


Ill. Exponential type for the strain distribu- 
tion 

Shape function is a Cauchy type; | 

i i 

a 14) 

Pike) 1+(2/C)}?Rm? ag 


and strain distribution is given by 
P(e, Rm)=(/E) exp[—(2/E)lel]. (15) 
Then /(H, Rm) becomes 
1 


m) = aa 1 
(ce ee ark (16) 
The line profile is, therefore, given by 
ih EH 
20)=KNF? 
FE) ease Ny Caos iemas: 
1 
Ce-(2/BA)\s\ — -20|3| 17) 
x : EH am 


This profile has a steep decrease around! 
the Bragg angle if either strain or size)! 
is dominant or the effects due to strain and| 
size are comparable. Integral breadth thus 1 
becomes 

8 cos #/A=(1/C)+2E(sin 2/2) . (18) | 
It is noted that this case also gives Hall’s|| 
formula, but gives the different line profile | 
from case II. 

It has been pointed out‘ that (8) in case a 
and (13)* in case II can be derived simply by 
the assumption that the line profile due to | 


size and the one due to strain are either 
Gaussian or of Cauchy. | 


§4. Line Breadths 


When the metallic surfaces are highly 
polished, the Beilby layer covers the surface. 
The thickness of this layer is considered to 
be about a few hundred angstroms as Kranert 


* Although (13) and (18) have the mathemati- 
cally same form, (13) means the equation derived 
under the assumption in II and similarly e the 
equation derived in III. 
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and Raether have estimated®. The structure as well as, if possible, the strain distribution. 


of this layer is heavily distorted with a con- Line breadths were measured for the spe- 
siderable amount of strain and differs from | 


the crystalline state”. It is, therefore, ex- 


N 


BSQ88 (rad. A") 
[e) 
fo) 
fe) 


UIIM200) (220) (311) (400X331) (422) 
(222) 


420) 
00 O O02 03 04 05 06 
Sin@/X (A') 
Oo al 02 0.3 ve 05 06 Fig. Ic. 
Sin@/x (A) 
Fig. la. 
0.004 
® 
0.003 = 
| Sa 
| 0.002 oe 
0.001 ZQ 
owe 
_ 0.000 oat 
< 0004 
Ss 
BylP ORs Sin @/ (A) 
0.002 Fig. 1d. 
B|_. 0001 ; / 
8 Fig. 1. The angular dependence of line breadth. 
oo a. Specimens, here, of gold polished under dif- 
0.004 ferent conditions, show different slopes 
0.003 (CuKa). 
0.002 b. The use of different radiations (FeKa, CuKa 
and MoKa) makes clear the distinction of 
0.00! P 
slopes even for the same specimen, here 
Oe (111) (200) (220)(31!) (400/331) (422) Au II. 
i, inepathageigs aan mrs y c. Ag II shows the same slopes for the cases 
Sin@/x (A!) of FeKa and CuKa. Solid circles correspond 
a to breadths obtained by Jones’ method and 
Fig. 1b. cross marks to breadths from the Fourier 
: coefficients of line profile. 
pected that the inner part (more than 1 d. A well annealed specimen shows no angular 
micron deep from the surface) would have dependence. An example is shown here for 
the distorted state with a few percent strain. Ag II. The different values of cos g/A 
It is thus worthwhile to obtain from such a for different radiations shown in this figure 


specimen the magnitudes of strain and size has no significance. 
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cimens listed in Table I. Three different 
wavelengths were used for Ag II and Au II. 
The separation of a doublet was made by the 
Jones method’), assuming the line breadth 
from an annealed specimen as an instrumental 
line breadth. Line breadth thus obtained was 
attempted to be plotted against both sin #/A 
and (sin #/4)?.. The former plotting is shown 
in Fig. la, b and c. The angular dependence 
of line breadth from the annealed specimen 
is also shown in Fig. ld with an arbitrary 
scale for breadth. Figs. la, b and c show 
that the linear relation of (13) or (18) is valid. 
With the use of (13) or (18) the magnitude 
of size and strain is obtained and listed in 
Table I. 

It is found from Fig. 1 and Table I that 
Au II and Ag II show the different properties 
for strain variation. It is clearly shown for 
Au II from Fig. 1b and Table I that the ob- 


Table I. Polishing conditions and magnitudes 
of size and strain. 


(Line breadth method by (13)) 


Specimen Time of Mean Mean 

number polishing | size strain 
Ag I | 15hrs.| 4000A| 0.18% 
Ag Il (FeKa) | 13 | 5000 0.16 
Ag II (CuKa) 13 5000 0.16 
Ag II (MoKa) | 13 large (0.13) 
Ag I pws 4000 0.11 
Ag IV 3 large 0.08 
Au I 4 | 7000 0.11 
Au fl (FeKe) | 8 | 7000 0.18 
Au I (CuKa) | 8 7000 0.12 
Au TT (MoKa) 8 large (0.10) 
Au I 10 7000 0.13 


served value of strain decreases in the order 
of FeKa, CuKa and MoKa, while an effec- 
tive penetration depth of radiations increases 
in the above order because of absorption. 
This implies that the magnitude of strain in 
Au II decreases with the depth. On the other 
hand, Fig. lc and Table I show for Ag II 
that polishing influences more deeply than 
in Au and the variation of strain againt depth 
is much smaller than in Au II, since the 
uses of FeKa and CuKa@ show the almost 
same magnitudes of strain. The latter fact 
(no strain variation) is necessary for compar- 
ing the result from the line profile analysis 
with that from the line breadth analysis, as 
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described in § 5. 

From the fact that line breadths depend 
linearly on sin 8/4, the strain distribution can 
be expected to be either of a Cauchy type 
(case II) or of an exponential type (case III), 
even if the line profile like (17) corresponding 
to an exponential strain distribution could 
hardly be seen. It can be said in the present 
case without the use of the line profile an- 
alysis that the Cauchy distribution of strain 
is plausible, since the diffraction line profile 
has no steep decrease around the Bragg posi- 
tion as shown in Fig. 2*. 


0.6 03 O 03 0.6 
26 (Degrees) 
Fig. 2. An example of the pure diffraction pro- 


files without an instrumental broadening. (220)- 
reflection of Ag II (FeKa). 


§5. Fourier Analysis of Line Profiles 


The line profile analysis is desirable to be 
made to examine the correctness of the re- 
sults from the line breadth method. 

The observed distribution of x-ray intensity 
is a convolution of the distribution due to 
instrumental broadening and that due to dif- 
fraction broadening®. According to the Stokes 
method, the Fourier coefficient of the pure 
diffraction profile can be obtained by electronic 
computer PC-1, assuming the line broadening 
from a well annealed specimen as an instru- 
mental broadening. Imaginary part of a 
Fourier coefficient is negligible in the present 
results. 

In the Fourier transformation of the line 
profile we cannot treat the line profile func- 
tion as a continuous function extending over 
the infinite range. Practically we can only 


* Although Fig. 2 shows the pure diffraction 
profile without an instrumental broadening, the 
observed line shape can give the same information 
on this point, if-an instrumental broadening is 
small. 


. 
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treat the Fourier synthesis confined to the 
definite range with discrete intervals. If A(k) 
is the coefficient of the Fourier synthesis and 
S(Rm)J(H, Rm) is abbreviated to Y(H, Rn), 


A(k)={MA(28) cos 8/4}-! Y(AR/MA(28) cos 8) 


a +o +M 4 A(22) 
=const. >) 1(20 2rit 
fanny ) exp) ‘ oon 


sin zMA(23)k—t 
zMA(23)k—t 

where M is the number of division and 4(2.) 

is the magnitude of a discrete interval. Here 


(19) 


0 100 


200 =300 
Rm (A) 


Fig. 3. An example of Fourier coefficients is 
shown for Ag II (CuKa). 


(422) (20: 
at (200) (420) (400\--™ 
2 qu) 
(il) 
(331) 
Z (220) 
ira 
x 
> 
= 7 
Ts 
= 
N 
1 
O 


OQ 100 200 300 400 500 600 
Rm (A) 

Fig. 4. Logarithmic plotting for Fourier coeffici- 
ents in Fig. 3. The ordinate corresponds to the 
value of —(2H)-!In Y(H, Rm). (111) and (222) 
have the same slope, but (200) has the larger 
slope than (400) does. 


the large value of M is required in order to 
obtain a precise curve of A(R) against k. M 
was taken to be 100, 120, 160 or 200. Calcu- 
lation was performed by the electronic com- 
puter PC 1. 
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In order to examine the correctness of the 
line breadth analysis, it is desirable that the 
line profile analysis is performed for the spe- 
cimen in which strain does not vary to the 
large extent with the depth. Since Ag II 
specimen has little gradient of strain against 
depth as described in § 4, the Fourier coeffici- 
ents for this specimen were, at first, obtained 
from line profiles observed by both FeKa 
and CuKa. Fourier coefficients obtained in 
the case of CuKa are plotted against Rm in 
Fig. 3. Moreover, —(2H)-'‘In Y(H, Rm) is 
plotted against Rm as shown in Fig. 4. The 
same plottings were performed for the case 
of FeKa@. It is clear in Fig. 4 that a linear 
relation holds with a good approximation. 
This fact proves that Y(H,-Rm) can be ex- 
pressed by the product of (9) and (11) and 
the strain distribution is of the Cauchy form. 
This result is the one expected from the line 
breadth analysis alone. In this case the slope 
of the straight line in Fig. 4 is equal to 
(1/CH)+£. Values for different reflections 
are listed in Table II. The magnitude of size 
i.e. C can be estimated in both Fig. 1 and 
Fig. 3. In Fig. 3 the fall-off of Fourier 
coefficients to zero determines the lower limit 
of size (a coherent size). This shows that 
(1/CH) is much smaller than E. Estimated 
size value is also listed in Table II and shows 
no great difference from the value obtained 
by the line breadth analysis. The magnitude 
of strain E/2 is derived from the above values 
by the assumed C and seen also in Table II. 
The assumed value of C hardly effects the 
value of FE. It is concluded that £ is not 
seriously dependent on the crystallographic 
direction in this case. This conclusion also 
does not contradict the results in § 4. 

In contrast with the above case, it is found 
in Ag IV that, although the Cauchy type 
distribution of strain is again obtained, the 
magnitudes of E obtained from the higher 
order reflections are smaller than those from 
low order ones, as shown in Table II. It is 
clear in this case that there is a gradient of 
strain against depth, because the mean pene- 
trating depth of radiation increases as the 
scattering angle increases. 

Such an effect would be also expected in 
the case of Au II, since the line breadth an- 
alysis in §4 shows the decrease of the mean 
strain obtained by CuKa@ and MoKa com- 
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Table II. Results from line profile analysis. 
reat | {Q/CH)+ B}/2 <e>=E/2 
reflection |Ag Il (FeKa) | Ag II (CuKa) AgIV | Ag Il (Fe) | Ag II (Cu) Ag IV 
bien 8 8) ee. ee i772 0.12% 0.15% 0.14% 0.10% 
(200) 0.30 | 0.30 0.15 0.27 0.27 0.13 
(220) 0.17 0.15 0.09 0.15 0.13 0.08 
(311) 0.20 0.18 0.08 0.18 0.16 0.07 
(222) 0.19 0.17 0.08 0.17 | 0.15 0.07 
(400) 0.19 0.18 0.08 0.17 | 0.16 0.07 
(331) 0.18 0.07 0.16 0.06 
(420) | 0.20 0.07 0.18 0.06 
(422) | 0.18 0.06 0.16 0.05 
Estimated C 5000A_—|_—s 000 A 8000 A 


paring with that by FeKa. 

Integral breadth can be also obtained from 
the Fourier coefficients and shown in Fig. 1b 
by a different mark. 


$6. Discussions 


Size distribution function 
The physical meaning of the size distribu- 
tion function S(Rm) having the form of (9) is 
the following one: If the two adjacent cells 
have a probability £(01) for appearing without 
regard to their locations, the product of struc- 
ture factors for the two unit cells Rm dis- 
tance apart is equal to p(01)"Fo?. For the 
crystal with an infinite dimension, p(01) should 
be equal to 1, and for the crystal with a 
finite dimension p(01) can be put l1—a. Then 
p01)” becomes exp —am approximately. This 
is the form of (9). 
b. Strain distribution 

For the calculation in §3, the assumption 
that E(H, Rm) is independent on Rm, was 
adopted. If the magnitude of strain does not 
vary to a large extent at any positions within 
a crystallite, E(H, Rm) can be replaced by 
E(H, 0) within a certain range Rn=0 to R. 
On the other hand, /(H, Rm) rapidly decreases 
as Rm decreases. It can be, therefore, said 
that this assumption is fairly good if E(H, Rn) 
can be assumed to be constant where J(H, Rin) 
is not so small. If the strain is taken to be 
0.5% and J(H, R) is 1/100, R is 120 spacings 
for the Gauss distribution of strain and 230 
spacings for the Cauchy one. Since the above 
assumption is satisfied in the present case as 
shown in §5, Hall’s formula can be used for 
the line breadth. 


a. 


c. Linear relation of line breadth 

In the present experiment, every specimen 
of Au and Ag except the case of Mo radia- 
tion shows the validity of the linear relation 
for the line breadth. Judging only from this 
relation, there might be two possible strain 
distributions (case (II) and case (III)). The 
present line shape, however, has not a steep 
decrease around the scattering angle of 2%z. 
It thus can be found that the strain distribu- 
tion is of a Cauchy type. 

In the case of Mo radiation, the linear 
relation does not hold. This is attributed to 
the variation of the strain with the depth 
from a surface. 

Results obtained from the line breadth 
analysis in §4 were also assured by the line 
profile analysis in §5 and have no room to 
be improved. It can be, therefore, concluded 
that the line breadth analysis can give not 
only the magnitudes of strain and size but 
also the distributions of strain and size. It 
might be, however, necessary to take into 
account the line shape if Hall’s formula is 
valid, although the line profile like (17) could 
hardly be seen. 

In the present case, the strain is nearly 
isotropic. If the strain is not isotropically 
uniform and Young’s modulus in any direc- 
tion is known, Hall’s formula is also available, 
substituting [Z/Young’s modulus] in place of 


On the other hand, it is noted that the line 
profile analysis method can give the informa- 
tion on the strain variation without the use 
of different radiations. 
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1. Discussions for the polished state 

The results obtained in §4 and 5 shows 
that polishing gives the distortion not only in 
the shallow part but also in the deep part, 
and the magnitude of strain decreases slowly 
with the depth. Heavy polishing influences 
to the deeper part than light polishing does, 
as shown in Fig. la. These results support: 
the view of the highly distorted state in the 
Beilly layer reported previously”. 
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X-ray measurements on the absolute integrated intensities of several 
superlattice reflections on an ordered Fe;Al single crystal were made to 
obtain an estimate of the number of localized 3d electrons iniron. The 
experiments were made with MoKa radiation with a thin single crystal 
cut for transmission geometry, so as to avoid surface roughness effects. 
Extinction effects, minimized by restricting the measurements to the 
comparatively weak superlattice reflections, were estimated from a wave- 
length analysis of the integrated intensities. Finally, neutron analysis 
was used for obtaining a knowledge of the state of atomic ordering in 
the particular sample and for establishing the temperature factors of 
the iron and aluminum atoms. Calculations of the iron scattering factor 
from the final results show it to be in substantial agreement with that 
of the free iron atom (6 3d electrons). This is in agreement with the 
conclusions of Batterman2).3) and contrasts with the low number of 3d 


electrons given by Weiss and DeMarco?). 


§1. Introduction 


The number of localized 3d electrons in 
metallic iron has recently been the subject of 
some controversy. Weiss and DeMarco” origi- 
nally reported an unexpectedly low value of 
of (2.30.3) 3d electrons in iron. The method 
used by these authors was to determine the 
atomic scattering factor from the absolute 
intensities of Bragg reflections in single crys- 
tals of iron, suitably corrected for effects of 
extinction and surface roughness. To obtain 
an estimate for the number of 3d electrons, 
the calculated contribution of the argon core 
was subtracted from the measured absolute 
scattering factor. Following this work Bat- 
terman’).®) reported an atomic scattering factor 
for iron which was in substantial agreement 
with the free atom calculated by Freeman 
and Wood", based on 6 3d electrons. This 
determination was based on an analysis of 
cold-worked powder samples which were 
thought free of extinction, surface roughness, 


* Fulbright Lecturer on leave from Pennsylvania 
State University. Present address: Lincoln Labo- 
ratory, Massachusetts Institute of Technology, P. 
O. Box 73, Lexington 73, Massachusetts, U.S.A. 


and preferred orientation effects. Weiss and 
DeMarco®) thereupon repeated Batterman’s' 
procedure using the samples, but found once 
again a low number of 3d electrons in confir-. 
mation of their single crystal measurements. | 

As this problem is of some importance im 
the present theoretical discussions on the outer? 
electron configuration in metallic iron, we: 
have made single crystal measurements on) 
ordered Fe;Al, and have found the outer elec-- 
tron configuration of the iron atoms in this! 
alloy to be close to that calculated for the: 
free iron atom. Since the magnetic scattering ‘ 
data® from the ordered FesAl support the: 
notion that no large difference in the 3d elec-- 
tron configuration is expected between the: 
iron atoms in this ordered alloy and those in) 
pure iron, our results can be considered to be: 
in contrast with Weiss and DeMarco’s conclu-. 
sion. A preliminary note has already been) 
reported”, and in this paper experimental! 
procedures, measured data, and the results: 
will be presented in detail. 


§2. Method 


The expression of the integrated reflection 
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by a single crystal of thickness ¢ in a trans- 
mission geometry as shown in Fig. 1 for 
monochromatized X-ray is given by®) 
iz ee ) A> 1+ cos? 20y cos? 26 
i mc? } yw sin 20(1+cos? 20%) © ™* 

e sec (@—¢) 3 

sec (@— $)—sec (0+ ¢) 
x {ev sec (0+) — e—bt sec (ed) : 


(ds) 
where P=total diffracted power (counts/sec.), 
I=power of the incident beam falling on the 


X-ray 
beam 


Fig. 1. 
urements. 
the sample. 


Transmission geometry used in our meas- 
nm is the normal to the surface of 


@ Fe (I) 
© Fe (I) 
CrrAl 


Fig. 2. Ordering arrangement in ordered Fe;Al. 


sample after reflecting by crystal monochro- 
mator, 24=wavelength, N =number of unit 
cells per unit volume, “=linear absorption 
coefficient of the sample, 0=Bragg angle for 
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a plane (hkl), 0u=Bragg angle for the mono- 
chromator, Fha=structure factor and $= 
angle between the reflecting plane and the 
normal to the surface of the sample. In this 
expression the normal to the surface lies in 
the plane formed by the incident and reflected 
beams. 

In the ordered structure of Fe;Al shown in 
Fig. 2, F,, of the superlattice reflections in 
Eq. (1) is given by 


Fis= 1683.47 8+ $9) exp te Bp fy | 


rf-enceney 


where S,;,=long-range order parameter, for 
odd and even reflections, f47=contribution of 
the argon core, f?4=contribution of the outer 
electrons in iron, f41=atomic scattering fac- 
tor of alminum and By, Ba; =temperature 
factors of iron and aluminum atoms respec- 
tively. 

There are two outstanding difficulties in a 
reflection geometry in estimating the precise 
absolute scattering factor from single crystal 
intensities; these are the corrections for ex- 
tinction effects and surface roughness. In our 
experimental arrangement, the effect of the 
surface problem was avoided altogether by 
using a very thin crystal ¢=0.0141cm) in a 
transmission geometry. Further the use of 
superlattice reflections which are of low re- 
flecting power, serves to reduce the extinction 
effects to the point of insignificance. Intensity 
measurements of the strongest of the super- 
lattice reflections with two different wave- 
lengths (i.e. MoKa and its half wavelength) 
showed the extinction corrections to be negli- 
gible within +3% accuracy of the measure- 
ments. 

The use of the superlattice reflections has 
several other advantages over the use of the 
pure metal: (1) Since the amplitude of super- 
lattice reflection is proportional to the differ- 
ence between the scattering factor of iron 
and aluminum, as is seen from Eq. (2), the 
effect of 3d electron contribution on the meas- 
ured intensities is enhanced. That is, there 
is a partial cancellation of the argon core 
contribution by the aluminum. (2) The num- 
ber of allowed reflections in the Fe;Al struc- 
ture is greater in the angular region of inter- 
est than that of pure iron as we see in Table 
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I. Thus, in addition to offering more detailed 
information on the 3d electron distribution, 
this also permits an intercomparison between 
different peaks and hence a check on the ex- 
perimental method. 

There are, however, some disadvantages in 
using an ordered alloy as opposed to the pure 
iron. It is now necessary to establish the 
long-range order parameter S’, as well as to 


Possible Bragg reflections of Fe and 
Fe;Al up to sin e/A=0.345. 


Table I. 


Fe Fe;Al 


(111) 
(200) 
(220) 
(311) 
(222) 
(400) 


(110) 


(200) 


obtain some estimate of the individual tem- 
perature factors for the iron and aluminum 
atoms. Further some assumptions must be 
made as to the magnitude of f4,. A neutron 
diffraction study of the same single crystal 
examined with X-rays has provided this in- 
formation. The considerations regarding f 1 
will be discussed in a later section. 


§3. Experimental 


(1) General considerations 

Absolute intensity measurements were made 
at room temperature on an ordered Fe;Al 
sample by utilizing a Bragg-type spectrometer, 
the ionization chamber being replaced by a 
Nal-scintillation counter. On a Norelco X-ray 
unit, monochromatic MoK, radiation was scat- 
tered from a flat lithium fluoride monochro- 
mator. The tube voltage for the measure- 
ments was 30kV in order to eliminate the 
half wavelength. A pulse height analyzer 
was used to discriminate against unwanted 
radiation. 

The ordered Fe;Al sample was made avail- 
able for us by courtesy of Professor Chika- 
zumi at University of Tokyo. The shape of 
the specimen was a disk, 0.8cm in diameter 
with a thickness of 0.0141cm. The composi- 
tion of the specimen was 76 at. % Fe and 24 
at. % Al. The specimen was annealed at 
800°C, cooled down to 650°C in the furnace 
and slowly cooled to 300°C at a rate of 0.1° 
C/min., then allowed to cool down to room 


Y. Komura, Y. TOMIIE and R. NATHANS 


temperature. The specimen was then treated 
by electropolishing. Checks were made for 
the existence of other phases such as FesAIC” 
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by taking Laue and Weissenberg photographs. 1 
The surface of the specimen was 10.0° off | 
from (110) so that the angle ¢ in Eq. (1) was | 
equal to 10° for the reflecting plane (001). — 


¢’s for other planes can be calculated easily 
by a simple geometry. 
Linear absorption coefficient 4 of the sample 


was determined from the attenuation of the - 


incident beam passing through the sample, 
since tabulated values were found to be un- 
satisfactory. The uniformity of the thickness 
of the sample was checked at the same time. 


The power of the incident beam was measured | 


directly by placing several absorbers with 
predetermined transmission factors in the 
beam to reduce the counting rate to manage- 
able proportions. 

In taking data for integrated intensities the 
specimen was rotated manually through a 
position of Bragg reflections at increments of 
of 2.5’ step by step, while counter was rotated 
at the same increment taking counting rate 
by a fixed counting method. The area beneath 
the rocking curve thus obtained gave the 
total diffracted power P after subtracting of 
the background. This was estimated at points 
beyond the tails of the peak. For the above 
condition, the window of the scintillation 
counter was wide enough so as to detect the 
entire diffracted beam. The Ho6nl corrections 
were taken from the tabulation given by 
James!” and that of Dauben and Templeton”, 
both values giving no significant difference 
at least for the lower order reflections. The 


Table II. Experimental and calculated parameters 
used in Eqs. (1) and (2) to evaluate atomic 
scattering factors. 


N (cm-3) 0.0051471 x 1024 
A (cm) 0.7107 x 10-8 

yw (cm!) 217.80 

Ou 10°11’ 

t (cm) 0.0141 

ayn} for Fe 78 

apn} for AL) 0g 

Sz | 0.75 

Bre | 0.35 

Bai | 0.45 
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parameters used to calculate the atomic scat- 
tering factor from the intensity data are 
given in Table II. 


(2) Determination of the order parameter and 
the temperature factors 

As we mentioned earlier, the long-range 
order parameter S* and the temperature fac- 
tors Br. and Ba: (cf. Eq. (2)), must be known 
in order to obtain atomic scattering factors 
from observed intensities. 

Structure factors of ordered Fe;Al structure 
for unpolarized neutron beam are given as 
follows: 


A Pia SF) = 16] 3br. exp | ~Br a a y] 


1 2 
ae exp| —Ba ee) | (3) 
for fundamental reflections (such as (220), 
(400), (440), (800)), and 


YF2 (s)=165? fbr exp | ~Br Oe q y] 


Ses | ~Ba ee g yy (4) 


for supperlattice reflections (such as (111), 
(222), (311), (511)), where dp. and ba: are the 
nuclear scattering amplitudes for neutrons for 


‘iron and aluminum atoms. 


Regarding the temperature factors By, and 
Ba, the values were taken as consistent with 
the fall off of the neutron-diffraction intensities 


-of the fundamental and superlattice reflections 


with (sin @/4)*. The value of By can be 
obtained by the ratio of the fundamental 
lines, assuming the difference between two 
temperature factors being small as a first ap- 
proximation. The ratios Jsso/J22.0 and Ls00/Js00 
gave the value By, =0.35. The above assump- 
tion was supported by a fact that Js11/Js00 gave 


-a value of S? which was not much different 


from that obtained from Ji11/Jioo. using same 
temperature factor for iron and aluminum. 
The value of B,s; was then estimated based 
on the ratio of the superlattice reflections, 
such as Jsi:/Ji11, and came out to be approxi- 
mately 0.45 which was nearly half of that in 
metallic aluminum. It should be mentioned 
that small extinction effects observed for (220) 
and (400) were corrected using a polarized 
neutron beam technique. 

Knowing the nuclear scattering amplitudes 
and the temperature factors for iron and 
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aluminum, the ratio of superlattice reflection 
to fundamental reflection (Eq. (4) to (3)) gives 
directly the order parameter S?. Since there 
are two sets of order parameters for odd and 
even superlattice reflections, they were evalu- 
ated by the ratios Ti11/Tez0 , Tius/Ls00, L511/ L220, 
Ts11/Ls00 and Teo0/Le20 , Le00/Ls00 , Lo22/ Tn20 , Thoo/Ts00 
The values of S? calculated from these ratios 
were approximately consistent with each other. 
There was no evidence within the experi- 
mental accuracy to suggest that S? from the 
(200) reflections was significantly different 
from the (111) reflections, therefore we have 
used the same value of S?=0.75+0.03 for 
both even and odd reflections. 


(3) Results 
A list of the observed F2 


>s Values for the 


first five superlattice reflections is given in 
Table III. These F3,, are determined in such 
a way that the values of F? obtained from 
Eq. (1) by X-ray measurements are divided 
by S*=0.75, so that F3, are independent of 
the order parameter S? (cf. Eq. (2)). The 
uncertainties given for the F2. in Table III 
represent the overall standard deviations in 
X-ray and neutron measurements. Also given 
are the F2,, values calculated from Freeman 
and Wood’s free-atom scattering factor (six 
3d electrons) and those based on Weiss and 
DeMarco’s results (2.3 3d electrons). The 
calculated values have been corrected for 
temperature effects using Bre =0.35, Bs, =0.45 
and assuming that the argon core contribution 
is the same as in the free atom. Because of 
the lack of the precise knowledge for the 
electronic states of aluminum in this alloy, 
we have used calculated atomic scattering 
factors for aluminum with different ionized 
states'?) for the calculated F2,, value of (111) 
and (200). At the (311) reflection and beyond 
no practical differences of F2,, are found for 
the different states of ionization of aluminum. 

The results of Table III show that the 
scattering factor of iron in ordered FesAl 
agrees closely with that for the free atom 
calculated by the self-consistent field wave 
functions. We have calculated the number 
of effective 3d electrons of iron using Eq. (2), 
which came out to be 5.0+1.0 electrons. 

In Fig. 3, theoretical curve for five 3d elec- 
trons (solid curve) and for 2.3 3d electrons 
(dotted curve) are shown. The observed 
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Table II]. Comparison of the observed and 
calculated Ff’? values. 
ewe? | 2 | dks Poa 
Akl | sin 6/2 | ph | six 3d ZEST, 
| | | electrons electrons 
111 | 0.1495 | 2060+100 | Al 2397 | 1267 
| Alea 425 1287 
WAT es 2516) loo. 
/Al+++ 2658! 1459 
200 | 0.1726 | 2000+100 Al 2235} 1259 
(Alt * 22437271264 
| Al++ 2292) 1302 
Al+++ 2389 1375 
311 | 0.2863 | 1270+60 1425 | 955 
222 | 0.2990 1220+60 1348 917 
511 | 0.4486 609 +30 692) 536 
Ff? 
mae 
2000 
1500 
1000 
500 
O.l Q2 O3 04 05 Sing 
n 


Fig. 3. The structure factors observed (4) and 
calculated for Fe:5 3d (——) and Fe:2.3 3d 
(----). Four branches of each curve denote 
the calculated #2 for Al, Al+, Al++ and Al+++ 
from bottom to top respectively. 


values are indicated along with the estimated 
experimental errors. 


§4. Discussions 


Since F2,, for (111) and (200) have uncertain- 
ties with respect to the electronic state of 
aluminum, the (311) and (222) reflections are 


the critical ones to compare with the calcu- 
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lated values. These two reflections have) 
values of sin @/A near the (110) reflection of | 
pure iron (0.247) which was the essential re-. 
flection of Weiss and DeMarco’s experiments. | 
Correction of temperature effect for these 
reflections is small, as these are reflections | 
at such a low Bragg angle. Therefore the) 
calculated F? values are not very sensitive | 
to the errors introduced in Br. and Bai ob- 
tained from the neutron analysis. 

The difference between the number of 3¢: 
electrons obtained by us and that calculated 
for the free iron atom lies within the experi- 
mental errors, while the discrepancy between 
our results and those calculated from the . 
Weiss and DeMarco’s estimate of 2.3 3d elec- 
trons (more than 25%) is quite evident. It 
appears unlikely that any combination of er. 
rors would make such a large deviation. 

There is a question in making a measure. 
ment on ordered Fe;Al as to whether the 
scattering factor of iron in this alloy differs 
from that of pure iron. In the ordered state | 
of Fe,;Al two types of iron atoms are present 
with respect to the nearest neighbor environ- — 
ment (cf. Fig. 2). A neutron diffraction study | 
by Nathans, Pigott and Shull® showed that | 
the average magnetic moment per atom at | 
room temperature was 1.464, for the iron 
atoms (Fe(I) in Fig. 2) having 4 Fe and 4 Al 
as nearest neighbors. For the other type of 
iron atoms (Fe(II) in Fig. 2) surrounded by 8 
Fe atoms, the observed average moment was 
2.14 uz which was close to the value, 2.2 uz, 
observed in metallic iron. The interpretation 
of these results can proceed along three direc- 
tions: (1) According to the suggestion of 
Sato and Arrott!®), the two iron sublattices 
can be considered as in different states of 
magnetic saturation at room temperature. In 
this case, no large difference in the 3d elec- 
tron configuration is expected, at least in the 
number of localized 3d electrons. (2) We 
may invoke the recent theoretical arguments 
of Goodenough") in which the low moment of 
the one iron sublattice is explained by putting 
a fraction of the iron atoms on this sublattice 
antiparallel to the majority of atoms—a sort 
of ferrimagnetism. Again since no intrinsic 
change in the moment of the iron atoms is 
assumed, 3d electron configuration is not ex- 
pected to be different. (3) We may assume 


‘intrinsic moment per iron atom. 


_ 1960) 


‘that there is an electron transfer between the 


iron and aluminum atoms which lowers the 
If this is 


-true then a difference in the number of 3d 
’ electrons in pure iron and in the iron atoms 


‘in Fez;Al would be possible. 


However, the 


accurate measurement of the shape of the 
“magnetic form factor in ordered Fe;Al and 
in metallic iron showed no large difference 


between the form factors for two iron sites 
in ordered Fe;Al and that found in the pure 
iron metal was observed. 
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The Photoionization of H, and the Spatial Correlation 


between Electrons 
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The photoionization of H, by photons of sufficiently short wave length 
produces the molecular ion H,+ as well as the atomic ion 15 agen Bays 
relative yield H+/H,+ has been calculated as the function of energies of 
photons. The description of the ground state of H; is given by the super- 
positon of two configurations: o,?+Ac,,2, taking account of the spatial 
correlation between electrons, while those of H,+ by the linear combi- 
nations of Wang type atomic orbitals. The results show that the relative 
yield curve has a plateau in the high-energy range and its height is 
essentially proportional to 22. The various approximations used in our 
calculation (Franck Condon approximation, Born approximation, dipole 
velocity approximation, the neglect of possibility of production of H,+ and 
H+ through autoionization and multiple ionization etc.) have been care- 
fully discussed. The velocity distribution of the ejected protons has also 


been calculated according to the Franck Condon principle. 


§1. Introduction 


It is well known that the electron bombard- 
ment on hydrogen molecules produces the 
molecular ion H2+ as well as the atomic ion 
H+. Hence it can be expected that these ions 
will be produced by the irradiation with pho- 
tons of sufficiently short wave length as well. 
Now the production of Hz+ mostly occurs 
through the excitation of the molecule from 
the ground state 1X,+ to that of molecular ion 
?X',, while that of H+ is made possible through 
ionization to its repulsive, first excited state, 
2',. The single electrons left in ?2, and 23, 
have wave functions of o, and ou type respec- 
tively. On the other hand, the ground state 
1S,* is most simply described as o,?. If this 
description were exact, ?., state could not be 
reached by single-electron jump from ‘2,+, 
and the production of H+ could hardly be ex- 
pected. A more refined description of ',+ 
state is given, however, by a superposition of 
two configurations: o,?+A0.?. Hence the rela- 
tive yield of H.:+ and H+ will give us some 
information about the magnitude of 24. We 
shall show later that the curve of the ratio 
H*/H:+ as a function of photon energies has 
a plateau in the region of high energies and 
that its height is essentially proportional to 22. 

The aspect which has been discussed in the 


* Present address: Department of Physics, 
Ochanomizu University, Tokyo. 


case of the hydrogen molecule will be simi-: 
The} 
mixing of antibonding orbitals with bonding} 
ones due to the Coulomb repulsion between ) 
two bonding electrons may correlate with the: 
Hence we: 


larly applicable to the other molecules. 


composition of ionization products. 
can expect that, if the ionization phenomena 
are investigated experimentally in such a man- 


ner described in this paper, we shall be able | 
to obtain further knowledge about the elec- | 


tronic structure of various molecules. Further 


we may expect that such a calculation gives | 


a fundamental basis to the research for the 


effects of high energy radiation on the poly- 


mers. 


In this paper, we are only concerned with 
the region of high energies of photons, because © 
we find some difficulties in the treatment of | 


the motion of a slow electron in the field of 
a molecular ion. 
of the distorsion due to the field of a molecu- 
lar ion in the photoionization process !Jy+—> 
?2', in the following paper. 

The atomic untits have been adopted through- 
out this paper. 


§2. Calculation of the Relative Yield 


Fig. 1 illustrates the potential-energy curves 
for some electronic states of the hydrogen 
molecule and of the hydrogen molecular ion. 
As can be seen from the figure, the produc- 
tion of the two kinds of ions, H+ and H+, by 
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We shall discuss the effect — 


1960) 


irradiation with photons of sufficiently short 
wave length is possible through many pro- 
cesses. Of these processes concerned, how- 
ever, the transition to the lowest, ?X,, state 
of the H:* ion and that to the repulsive, 22., 
state of the same ion are most important. 
These ions can be produced also through the 
jumps to the highly excited states of H+. 
Still another way of their production is through 
the autoionization from some excited states of 
Hz to unstable states of H.+. For simplicity, 
however, we shall neglect these processes 


internuclear distance R 


Fig. 1. Potential curves of some states of Hs» 
and Ht. 


except the first two transitions, for the time 


Further discussions on this point will 
Under such an 


being. 
be seen in the next section. 


assumption, the relative yield H*+/Hzt will be 
determined by the ratio of the transition pro- 
bability of the process !X,t-—?S', to that of the 
process !2'gt2.dg. 


The states of the total system can be writ- 
ten as 


y=(r1, ro, Ry Le. 4 ( il.) 
R 

where « is the wave function for the elec- 

tronic state and ,/R is that of the vibrational 

one, m1 and rz being the electronic coordinates, 

R the internuclear distance vector, and Rk 

the absolute value of R respectively. Here- 
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after the excited states will be denoted as ¢y’ 
etc.. The interaction operator is 


(2) 


where A(i) is the vector potential of the elec- 

tromagnetic wave, and P; the momentum 

operator of each particle. Then the transition 

probability is given by 
1 


= EE Newer 5 | do lap 
ati he j 


ie R Hie parece 


H=+> Pr AG), 
G % 


G6): nisnei 9 


where >) Ne-‘e/'? means the average over the 
5 
initial vibrational states, >} the sum over the 


final vibrational states, 1/2 3} the average over 
j 


the polarization of the incident photons, |d2 


the sum over the direction of the ejected elec- 


tron, 1/47\dw the average over the direction 


of the incident photons, and o(E£) the state 
density of the ejected electron respectively. 
In the usual experimental temperatures, we 
have only to consider the lowest vibrational 
state v=0 for %», while for #» we must con- 
sider various vibrational states. 

It is difficult to calculate the transition 
amplitude 

[bet eH de Redeade 

exactly. So we shall introduce here the fol- 
lowing approximations. The integral 


Mik | her H Pedte 


is a slowly varying function of the internuclear 
distance R, compared with , and ¢. Thus 
we replace it by the value evaluated at the 
equilibrium distance Ro of the ground state 
of Az, taking account of the form of ¢» for 
v=0. Then the transition amplitude becomes 


Ar( [der We de) _, \oet ba 


which corresponds to the Franck Condon prin- 
ciple”. Further, due to the orthonormality of 
Wy, we have 


S| [dered |'=1. (4) 


Hence only the electronic part of transition 
amplitude will be taken into account later. 
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The electronic wave function ~ for He is 

described in the form 
dg? + Aout 
V1+2 - 

This approximation means that we have partly 
taken account of the spatial correlation be- 
tween two electrons which cannot be expressed 
by the simple molecular orbital description 
og. This description is equivalent to that by 
Coulson and Fischer?’, the semilocalized orbital 
scheme, and that by Weinbaum®, the mixing 
of ionic states in Heitler London treatment. 

The importance of the configuration inter- 
action in the calculation of the molecular ener- 
gies has been stressed by many authors. This 
is also true for the calculation of the electronic 
transition probabilities. In our problem, as 
we have stated in the previous section, the 
production of atomic ion H+ can be hardly 
expected without the use of this description. 

Wave functions for the final states, in which 
the ion is left in ?3, and 22’, are 


oe apelin iy 5 
dur(1)f(2) +ou(2)f(1) ’ 


respectively without normalization, f denoting 
the wave functions of the ejected electrons. 

The orbitals o, and og are approximated as 
linear combinations of Is type atomic orbitals 
with appropriate effective charges Z and Z’, 
and similarly with Z and Z’”’ for ou and ow 
orbitals. Z and 4 are obtained from the result 
of the calculation by Weinbaum®” : 


Z=1,193 “and “A=—0.1T8 ; 


We calculated Z’ and Z’”’ by the variational 
method, fixing the nuclear distance at Ro=1.4, 
i.e., the equilibrium internuclear distance of 
He, in accord with the Franck Condon princi- 
ple. The results are 


Z’=1.386. and Z’’=0.773.. 


Comparing Z’ with the effective charge Z 
=1.288 determined at the equilibrium inter- 
nuclear distance of H:*,*) we can see that Z’ 
becomes a little larger, which means the 
shrinking of the wave function to the central 
region. Z’’, the effective charge of a repul- 
sive state, is far smaller than those of the 
stable states. 

Bates et al. have calculated the transition 
probabilities between various states of H+ 
and HeH*?+ using the exact wave functions 


(5) 


(6) 
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and some approximate ones”. According to_ 


them, the accuracy of a calculation of this - 


type depends rather sensitively on the way of | 
approximations. In respect of this, our ap- | 
proximate functions are not so satisfactory 
one. 
ever been carried out about the ionization of | 
the hydrogen molecules, we believe that the 
calculation even in such an approximation has 
still some meaning. 

As the next step of simplification, we shall . 
approximate the wave functions of the ejected 
electron, f(r), by plane waves (Born approxi- 
mation). The plane waves for the 22’, case 
and that for the 23, case differ only in the 
magnitude of their wave number vectors, 
which we call hereafter k: and kz respectively. 
In the photoionization, almost all the energy 
of the absorbed light quantum is consumed 
for ejecting an electron. Thus this approxi- 
mation may be fairly reasonable. The state 
density o(E) is also calculated in this approxi- 
mation. 

The exponential factor in the vector potential 


A=exp(iq-rie, 


where q is the propagation vector and e the 
polarization vector, can be approximated by 
unity (dipole velocity approximation) for the 
photons with the wave lengths longer than 
several A. The dipole length approximation 
is not suitable for our calculation because of 
the lack of orthogonality of the initial and 
the final wave functions. When we used it, 
the transition amplitude would come to depend 
on the choice of the origin of coordinates. 

Then the calculation of the transition proba- 
bilities is made straightforwardly using the 
spherical wave expansion of the plane waves 
and the Coulson integrals”. By referring to 
the coordinate system fixed in the molecule, 
and by taking the molecular axis as z axis, 
the vector components of transition amplitudes 
are expressed as proportional to 


| 2ePefnde| ooauede $ 
| o0Ps finde | ovourds ’ 


\ooPe fast \oaurde2 |ouP curds fou ads 3 


(7) 
for He+, and 


But, as no calculation seems to have 
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i\ uP. Fit [uaa , 


A |ouP ofa [ouawde ; 
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alow. Fey [ouawde + [oP ow at |e i,des 


for H+ respectively. The second terms in each z component represent the indirect trans- 


itions through the overlap between f and ay or ou. 


The result of the numerical calculation 


will show that the contribution from these terms is, as can be expected, far smaller than 
that from the direct transitions explained in the previous section. 

; After averaging over the polarization and over the direction of the photon, and finally 
integrating over the direction of the ejected electron, we have obtained the relative yield 


H+/H.+ as 
hy®T( hy ia pe’ es sin kes ne | 
ie hes ) di ieee +2A4+C me 
bb, fre 4 pe (1 sin eRe) _ ba ae 
FP(Ri) Z tS + 2P, AB+2#D 
where 
| AZ’ JZ, Z, Ro)k2 Au’. ZZ'3 
) ye koR va ice ti : 
| Qn sel e Bey (+S) qq 297" AD) 
Bie AZ’ IZ, hp Ro)hidoot ; (ht Rs) VAVAE ’ (11) 
2x (1—S)2711+S)\1+S) 
RA GEA GAS Zi; Ro) ( sin koRo 
ee ih 
AAD MesSEORNS -keRe ) oe 
and 
| oe Be Sang A ibe ih srt sin a (13) 
m(1—S)2(14+ S’) ki Ro 
‘The meaning of notations is as follows: S, Ata AHS», (14) 
wp 1+S — 


S’ and S” are the overlap integrals | puede 


where ¢u is Is type atomic orbitals around 
the nucleus, say a, with lo, Youd charges Z, 
Z and Z’ respectively. 4g, and duu are 


[ooasre and [woud respectively. I(k)= 


22 
‘of the second order and js is the Coulson 
‘integral in his notation. 

When the wave length of photons is very 
‘short, the dipole approximation becomes bad 
and the calculation of the indirect transition 
amplitude becomes difficult. But, taking ac- 
count of the fact that the contribution from 
the indirect transitions decreases as ko, we 
may safely neglect these terms. Then, in 
the limit of short wave length, we need not 
use the dipole approximation and the relative 
yield is essentially represented as follows: 


, j2 is the spherical Bessel function 


This conclusion is, however, valid subject to 
the condition that Compton scattering is negli- 
gible, which, in reality, sets in as the wave 
length gets shorter than about 1A. 

The numerical calculations have been carried 
out for the wave lengths of photons 60A, 20A, 


10& and the short wave limit v/c>oo. The 
resulting relative yields are 
4,982? for v/c—0o 
0.156+0.33024 + 262A? € 408 
55.9—0.6664 + 0.1492? y ; 
0.185—1.12A+ 154A? B 
651097 0TE oy nt fo 
0.212—0.597A 463.822 ¢ _ gong 
6.97 —0.653A + 0.1422 y 


without inserting the numerical value in 4. 
Further the numerical values of the relative 
yields are tabulated in Table 1 for a special 
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Table 1. The calculated relative yield. 
Wave length |(cx)>0| 10& | 20A | 60A 
H+/H,+ (%) | 6.37 | 6.18 | 7.36 | 12.96 


value of A2=—0.113. 

We can see from the above results that the 
yield curve has a plateau in the high-energy 
range and that the height of the plateau de- 
pends on the value of A sensitively, namely, 
it is essentially proportional to 2?. 

The value of the relative yield for c/»=60A 
is unexpectedly larger than the others. This 
is partly due to the approximations employed 
in our calculation, particularly the Born ap- 
proximation for f(r) and the LCAO approxi- 
mations for o,’s and ou’s. We shall show 
later that the wave function of the ejected 
electron is considerably distorted in this energy 
range by the long range Coulomb force. The 
invalidity of the LCAO approximations is sug- 
gested from the large contribution of the indi- 
rect transitions which is expected to be small 
in the exact treatment. 

Finally, we shall investigate how much the 
relative yield changes when we adopt the 
linear combinations of s-p hybridized atomic 
orbitals for o,’s and ou’s. The assumed forms 
for the electronic wave functions are, for '2'yt, 


pe=G (1G o(2) + yGu(Gu(2) , (16) 
where 

Fg=(PigtYOFpo) + (ist YPonc) » 
and 


Cu= (9%, =i YPoino) cs (9?,+ V3 no) ’ 


gf, and gf, being 1s and 2fo atomic func- 
tions around one nucleus, say a, with a com- 
mon effective charge Z. Similar expressions 
are used for oy and ow with v’, Z and v’”, 
Z’’ respectively. The parameters in & are 
obtained by transforming the calculated values 
by Weinbaum®’, while those in #- are calcu- 
lated using the variational method, the inter- 
nuclear distances being fixed at Ro. Those 
are 


Z=1.190 , w=-—0.100% +v=0:07-; 
Z =1.3979 , y’=0.1573 , 
Z’ =1.0438 , yp’ =—0.3312 . 


The calculation has been carried out only for 
the short wave length limit. The results are 
6.64 w” or 6.64%, which is very close to the 
previous value. 
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The experimental data with which these: 
theoretical results are to be compared are: 
not yet available. The experiments fory 
photoionization phenomena have been carried! 
out rather for photons of wave lengths more} 
than 5008. In this energy range, however, 
some of our approximations may be invalid. 
The distortion of the wave of an ejected elec- 
tron must be taken explicitly into account and] 
the higher accuracy will be required in the 
functional form of the molecular orbitals. 

It is interesting to see the experimental 
results about the ionization of Hz by electron 
impact. We, of course, cannot compare the 
theoretical results for light quanta directly# 
with this experiment. But, as is well known,| 
the electromagnetic field around an electron 
with high velocity is quite similar to that off 
light quanta. Thus we may expect that the¥ 
relative yield curves in these two cases behave 
in a similar manner in the high-energy range.. 
Bleakney measured the curve up to the elec- 
tron energy 600eV by use of a mass-spectreo-- 
graph®, of which the results were reported] 
in detail on the survey by Smyth”. According; 
to his result, the curve has a plateau in the: 
high-energy range, and its height is about} 
7%. Later Newhall pointed out a defect off 
this experiment and measured again the rela--f 
tive yield curve up to the electron energy 180) 
eV by another mass-spectrographic method". | 
His results are quite different from those by! 
Bleakney; the curve increases throughout the} 
investigated energies and the height at 180 eV! 
is only about 0.5%. Unfortunately his experi-| 
ment is restricted in too low electron energies. | 
Thus we cannot obtain a decisive conclusion} 
from the electron impact data yet. 


—— 


§ 3. Discussions on the used Approximations | 


In the previous section we have calculated|| 
the relative yield of two kinds of ions H+ and] 
H.* which are produced through the ionization) 
of the hydrogen molecules by the irradiation) 
of photons of short wave length, using some? 
approximations. In this section, we shall try) 
to discuss the accuracy of these approximations: 
used and the effects of other ionization pro-- 
cesses which we have not taken into account. | 
3.1. Franck Condon Approximation 

We have separated the wave function of! 
hydrogen molecule into the electronic and the! 
vibrational parts according to the Franck 


1960) 


Condon principle”. Thus the transition ampli- 
tude is approximated by 


* * 
[oer Pe Pe deden 


~4n ( [Yet dude) |oerdeaR (17) 


R=Ro 


In this approximation, we have only to caicu- 
late the overlap integrals to obtain the trans- 
ition probabilities from the lowest vibrational 
state in the electronic ground state of H» to 
the vibrational states v’ of an upper electronic 
state. Of course, such an approximation will 
be admitted when the variation of these elec- 
tronic integrals with the nuclear distance R 
is sufficiently small. But it is rather trouble- 
some to show it directly from the calculation. 
Thus we shall calculate the vibrational trans- 
ition probabilities under this assumption and 
derive the velocity distributions of ejected 
protons and electrons. Then, by comparing 


. them with experimental data when available, 
| a necessary condition for the validity of the 


approximation will be obtained. 

As for the electrons, they will be ejected 
from ions with the energy hy—E@2Xy or ?Xu; 
v')+ECX,*; 0), but the measurement of this 
velocity distribution seems to be difficult. 


_ That of protons which are produced through 


the jump to either continuous states of ?2y or 
repulsive 2, state are more tractable. On 
account of the large masses of the ions, their 
initial velocities may be negligible. Then, 
the kinetic energies of the ejected protons are 
half the differences of energies E.-—E., where 


_£E.. is the energy at R=oo and E&: the energies 


of the continuous states. 

In order to calculate the transition proba- 
bilities, it is necessary to determine the wave 
functions for ‘3,+, 2X, and ?2. states. Neg- 
lecting the effects of the centrifugal force on 
the vibrational states, we obtain the equations 
for the wave functions of the form, 


a? + on(S—V(R))}b=0 , (18) 


dR? 
where & is the proper energy value, yu the 
reduced mass. 

As the types of the potentials, we shall 
assume the Morse curve for !¥,+ and ?>i, and 
the repulsive exponential curve for ?2u. 

In the first two cases, numerical values of 
the parameters are determined from the data 


given in the book by Herzberg". 
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Then 
Tee oe eines ail. for H,2(13'9*) , (19) 
O02 emi —.)2 for HetGam. (20) 


For the above choice of parameter values, 
the number of bound states are 16 and 18 for 
Hz and He* respectively. The transition pro- 
babilities from the lowest vibrational state of 
13'7+ to the various vibrational states of 22, 
have been calculated numerically. The result 
is tabulated in Table 2. It shows that the 


Table 2. The ratio of transition for various 
vibrational states of 2. 


ol }of1}2][3]4]5| 6 |---|tota 


ratio (%) 


10.219.021.317.913.3 8.6) 4.9) bet | 100 


transition probabilities have a maximum at 
v’=2, and the sum of the probabilities up to 
v’=6 is already about 95.2%. Thus we may 
expect that, if the validity of the Franck 
Condon principle is not very poor in this case, 
the number of protons produced from the 
jumps to continuous states of *%, should be 
very small. 

For the repulsive state #21, we put V= 
Ae®®, A and ® fitted with the calculated 
values by Morse and Sttickelberg at R=1 and 
RSS), Waren 


V20]6en' 24 efor HetGse). (21) 


The wave #(E.) in this potential can be ex- 
pressed by the Bessel function of imaginary 
order. But, on account of the practical reason, 
they have been numerically calculated for 
some Hy. The integration were carried out 
from the origin outwards. The wave func- 
tions were connected smoothly with the WKB 
type solutions at the approximate loops of 
waves, and the asymptotic amplitudes without 
normalization were determined. 

The normalization condition for the continu- 
ous state is that 


and | b*(Ey)b(Esde=1. (22) 
AB %%, 


This condition requires that the asymptotic 
amplitude of P(E) is WYn/2n(E,—E.) 8 
shown by Hargreaves’®. 

As representatives of #(#.), we have taken 
five functions of the repulsive states with the 
total energies which cut the potential curves 
ape eae 14 155, MAS respectively. 
(see Fig. 1) 
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Table 3. The transition probabilities for various continuous states of 23), 


et as, Che ee 4.:.. | Absolute transition 
he utthe carting | Pelative transition proka ones probabilities 
point ows 9 


Exin, energy of 
protons 


_6 function approx. | numerical cal. | numerical cal. 
ipa) aya gl.) 11.1 (eV) 9.1 8.0 -084 x 10-3 
IES} 10.2 24.0 
1325 9.4 49.4 AD iz, | 454 
12325 8.6 76.8 | 
1.4 7.9 100.0 100.0 | 1.045 
1.475 a2 | 101.0 | 
1255 6.6 81.6 82.0 .860 
ile 5.6 34.3 37.0 | 389 
1.9 4.7 | 7.8 | 


} 


In the case of relative transition probabilities, the value at R=1.4 is taken as 100. 


A rough approximation of }(£<) of repulsive 
states is to replace the first mountains of (Ec) 
by 6 functions and neglect the other parts of 
the functions”.'". Because, the contribution 
from the latters to the overlap integrals will 
be very small by the cancellation of mountains 
and valleys. This method gives us the rela- 
tive transition probabilities and are applied 
together with the exact one. 

The overlap integrals between the ¢ and 
(b(Ec) states were numerically calculated, the 
results of which are shown in Table 3. Both 
the solutions from the exact and 6 functional 
methods give a nearly equal energy distri- 


bution of ejected protons as can been seen — 


from Table 3. When the experiment of photo- 
ionization in the high energy range becomes 
available in future, it is interesting to compare 
the experimental energy distribution with this 
theoretical one. 


3.2. The Born approximation and the dipole 
approximation 


We have approximated the wave function 


dé dé 


OA as d 
pace = it es Vy ae 
rac ) eau v7) 


where c is RR/2, d4n,m the separation constant. 


ae i) rad | oe + RE— ann |K=0 ’ 


Ane = on ee 


of the ejected electron as a plane wave (Born 
approximation). But, to be more accurate. 
we must take account of the distorsion of the 
wave caused by the Coulomb force between 
the ejected electron and the molecular ion left 
behind. We will show that the distortion is 
not so large when the wave length of incident 
light quanta is shorter than 20A. 

The field of hydrogen molecular ion can be 
approximated by that of two +4e charges 
fixed at a distance R. Then we may expect 
the degree of the distorsion in the present 
problem will be estimated by comparing the 
plane wave with the distorted one in this 
field. We will not distinguish ?X, and 22x, 
and fix the nuclear distance R at 1.4. Only 
the partial waves so will be compared, because 
the effect of distortion may appear most ap- 
preciably in those components. 

By adopting the elliptic coordinates &, 7 and 
@, the wave equation in the above potential 
can be separated as 


DE eS ee 


a (24) 


m? 
v= 
ou 0, (25) 


The equation (25) has been investigated by many authors‘) and the solution which is 
regular at 7=-1 has been obtained in the form of expansion in terms of the associated 


Legendre functions, 


Ae Ss Am, Pei™(7) 


(\/—n| odd) . (26) 
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We can find the formulae for the separation constant An,m and expansion coefficients ane 
for instance, in the text book by Stratton, Morse, Chu and Hunter”. On the other aed 
the equation (24) is rather difficult to solve analytically. A plausible form suggested from 


the eigenvalue problem of hydrogen molecular ion is 


oh = é » 1 m+1+(i/k) =f \2 
X= Ne-tkR/2€ (£2 ])m/2 Ge) = An (sae) = (27) 


| where WN is the normalization constant, and the complex coefficients ad, should be determined 
: ae ees ye formula. The logarithmic phase which is characteristic in the 
: omb field comes, of course, from the third factor. Unfortunately the convergence of 
the series is not so good. Therefore, we have adopted the numerical calculations to obtain 


the wave functions for some parameters. By writing 
tthe. Ui 
x ~ V Ba’ (28) 
) the equation (24) has been transformed into the equation 
@ 1 m?—1 
U Mee Re ae Pe od = y 
| dE + =e & + RE—2y, | jo 0. (29) 


The calculation has been carried out for c=3 and 5 which correspond to the photons of wave 
length 50A and 17A respectively. The normalization of the wave has been determined by 
connecting them with the WKB solutions just in the same way as in (3.1). 

The corresponding solutions in the free field can be obtained in the form of expansion in 


terms of the spherical Bessel functions, 


Xp =n 3” (—Y2AY (c)jec) £2%, 


= 


(=) 


{ 


where «.=1/5’A}, and 2” means the sum over 
t=0 


even integers only. 

Comparing the partial wave in the Coulomb 
field with those of the plane wave, we have 
found that in the case of c=5 there is no 
appreciable distortion, while for c=3 the effect 
of Coulomb field has come to appear. This 
‘results will support the assumption that the 
Born approximation is reasonable for the wave 
function of the electron which is ejected by 
the incident light with wave length shorter 
than about 20A. 

Next we will make a remark about the dipole 
approximation. In the previous section the 
vector potential has been replaced by unity. 
In other words, the electromagnetic field over 
the molecule has been assumed nearly con- 
stant. In order to make sure, we have esti- 
mated the magnitude of the next term in the 
expansion of exponential function. A similar 
calculation like the previous section has been 
carried out. The ratio of the magnitude of 
the electric diole transition elements to the 
magnetic diole and electric quadrupole ones 
has been found to be 20:1 for the wave 


sin c& 
? 


cE (30) 


length 104. Then we may conclude the dipole 
velocity approximations in the previous section 
is fairly sufficient. 


3.3. Remarks on the neglected ionization pro- 
cesses 

So far we have been exclusively concerned 
with the accuracy of our calculations. Now 
we will discuss some other factors which we 
have not taken into account. In the previous 
section we have assumed that the relative 
yield H*+/H:+ can be determined by the pro- 
cesses 134+ 223, and ‘27+ 72. But, in 
general, other processes such as the excitation 
to the higher states than these two and the 
autoionization through potential crossings will 
also contribute to produce these ions. It is 
difficult to estimate these contributions theo- 
retically because it requires much knowledge 
about the wave functions of the highly excited 
states of Hz. and Het. Hence we will here 
investigate the experimental data on these 
phenomena’) and try to estimate these con- 
tributions. 

As for the autoionization, each state of hy- 
drogen molecule shown in Table 4 has the 
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Table 4. The levels which may cause the autoionization. 
OE eee ie ets | ean iy {an | i AK 
: | ff 2. ENE 4 mt —--— F 7 
ro (A) ~1.06 ie: 1.05 Ve Agseby th th:snoldoape 1.33 
we (cm!) 2257 | 2293 | 1983.3 | 1835 | 2176 
a (A-1) 182 Agere fF 1.34 
Dz (eV) 2.554 PSTN 2.28 2ROU | 2.48 
sal Isoi, oleafl8oy,,| -afdecr 2pr | (2p0 | (2pm | (2pr 2po 
Configuration ( oe al (3% a" ( 3pr ene | (300 (Son (oon Fee 
| »'=6 v=3 | v’=7,8,9| | 
Remark preionization eee ed apslk | | 
observed | 
References 


possibility of dissociation to H+. For instance, 
the autoionization through the level ‘zu was 
concluded from the diffuseness of a emission 
band and this phenomenon was interpreted as 
the result of radiationless transition from ‘zu 
to ?X, of H2*!®. But the number of H:+ pro- 
duced through the processes of this type will 
be very small, because the number of the 
diffused bands is rather small and the degree 
of their diffuseness is usually not so great. 
Knowledge about the group of doubly excited 
states 314, WN etc. are less little’. But, as 
can be seen from their large internuclear dis- 
tances, there are some possibilities that these 
levels cross over 72g or ?Xu. The crossing of 
levels is also probable in the case of many 
repulsive potentials of H2. Though we cannot 
deny the roles of these levels, we must say, 
at the same time, that the transition proba- 
bilities to these states are probably very small. 

Further the transitions to the highly excited 
states of H.+ will produce H.t*, H+t+H* and 
H*++H*. In the experiment of electron im- 
pact, only small trace of double ionization 
has been found'”. This may be also true in 
the case of irradiation with light quanta. On 
the other hand, the transition probabilities to 
the lower excited states seem to be not so 
small enough. Unfortunately adequate simple 
wave functions for these states have not been 
obtained so that we could not estimate their 
contribution distinctly. 
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The ionic terms of the o bonds are explicitly considered by the use 
of the semi-localized orbitals and their contribution to the binding ener- 
gy of the bond is discussed. A theoretical basis for the relation between 
Pauling’s scale of electronegativity and Mulliken’s one is given under 


’ 

i 

| some assumptions. 
1 


The value of the binding energy of the C-C bond in 


the diamond crystal is computed to be 3.64eV per bond, if the ionic 


terms of the bond are included. 


: proximation. 

§1. Introduction 

In the preceding papers I and II”, we dis- 
cussed mainly the binding energy of the o 
bond by the use of the Heitler-London appro- 
ximation, where the ionic structures were 
neglected. This is not adequate when we 
discuss the heteropolar bond. Even in the 
case of the homopolar bond like the C-C bond 
in the diamond crystal this is by no means a 
good approximation. Mueller and Eyring? 
proposed the semi-localized orbital method to 
discuss the electronic states of diatomic mole- 
cules. We shall also use this method in order 
to take the ionic structures of a chemical 
dond into account, because this method has 
several advantages as follows. According to 
‘his method we can describe the heteropolar 
jond by using the wave function involving 
she ionic structures adequately, can take into 
xonsideration the correlational interaction 
yetween the two electrons which are responsi- 
yle for a chemical bond, and can obtain a 
simple formula to give the total energy. 

We consider a bond A-B between the atoms 
A and B in a saturated molecule (we use this 
erm to express a molecule contructed only 
xy o bonds) and denote the directional atomic 
ralence orbitals of the atoms A and B as ¢% 
ind ¢;, respectively. The orbital ¢: pro- 
ects out from A to B and the orbital ¢; 
rom B to A. The pair of orbitals (¢:, $5) is 
n charge of the formation of the bond A-B 


It is shown that the value of the bind- 
ing energy of the diamond crystal in the Heitler-London approximation 
is almost equal to that in the molecular orbital method and less than 
the above value by about 0.4eV per bond. 
ever, is found to be rather well expressed by the Heitler-London ap- 


The resultant state, how- 


in the Heitler-London approximation. In the 
semi-localized orbital method we replace the 
paired orbitals (¢:, ¢;) by a pair of semi- 
localized orbitals (gi, j). (We shall use the 
notation (77) for the pair of orbitals (qi, 5) 
and it will be also used to express the cor- 
responding bond.) 

Following Eq. (2.2) in I, we get the semi- 
localized orbitals ¢i and qj: 


it 
Pi=Fs(Gi +499) , 
VN (1.1) 


Pe ete 
Ne ee , | 


where Ni=1+2ASij+22, Nj=1+2uSiy+y2, Si; 
is the overlap integral between the direc- 
tional atomic valence orbitals ¢: and ¢;, and 
2 and yw are the parameters which are relat- 
ed to the inclusion of the ionic structures. 
The total electronic wave function ¥ of the 
molecule can be expressed by the use of an 
assembly of the pairs of the orbitals, that is, 

w: (jRD(past):-- , (1.2) 
where we can include not only the pairs of 
the valence orbitals but also the lone pairs 
and the pairs of the core orbitals. The para- 
meters 4 and w may take the different values 
in the individual orbital pairs and their values 
should be determined by the minimization of 
the total energy. The expression for the 
total energy of the saturated molecule was 
given in I, where the total energy was ex- 
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panded as a power series of the overlap inte- second order terms in 7, were given by Eqs..| 
grals between the unpaired orbitals. (We (4.5)-(4. 8) of I. The only difference from the? 
have used the notation T for these overlap previous case is that the orbitals involved in) 
integrals in order to distinguish them from the molecular integrals in Eqs. (4.2)-(4.8) off 
those between paired orbitals S.) As the ex- I are qui, %;,--- instead of ¢,, ¢;,°::. The 
change integrals between the unpaired orbitals formulae in §5 of I are unable to be used,, 
are considered to be of the order of T?, we as they were deduced under the Heitler-London) 
can express the total energy of the molecule approximation. In the next section we shail| 


as discuss the results due to the mixing of the 
H, | ee ionic structures of the bond. In §3 we 
= ii te ~ ve : (1.3) shall give some qualitative discussion on the 

0 0 0 


heteropolar bonds. In §4 we shall give the 
taking terms up to the order of JT? into ac- result of the calculation of the binding energy 
count. This equation is the same as Eq. of the C-C bond in the diamond crystal wita 
(3.10) of I. The term Av/4) is the zeroth the inclusion of the ionic structures of the: 
order term in T and its explicit form was bonds. The maximum value of its binding 
given by Eqs. (4.2)-(4.4) of I. The second energy has been computed to be 3.64eV per: 
and third terms in Eq. al 3), which are _ the bond at 4=yu=0.16. 


§2. Details of the Energy Expression 


As mentioned above it is sufficient, for obtaining the binding energy of a bond by the 
semi-localized orbital method, to find the values of the molecular integrals in Eqs. (4.2)-(4.8)) 
of I which involve the orbitals (1.1). We will express the energy formulae in terms of 
the parameters and the molecular integrals involving ¢:, ¢4;, ---, to find out the effect of the 
ionic structures on the binding energy of a bond. Thus we express the zeroth order term 
H/40 in the total energy as follows: 


Ho LUSOTGRES Aly aE yates 22s 
Mo Gd) {GD1)} (x 


Y) Rxy’ 2.) 


with 


(tj) = 


py Alut Asliy+2Buyly+ (1+4n)'Cy 
aj 


+{(14 2)? + 4p} Kis + 22°C 534+ 2e2Cut 41+ 2u)(ADj,43+ 2Dia3) , 
A(ij, kl)= 


t __-VAgpAxCurt AjAsGar, ACCRA ON 
NijyNut 


+ 2Bi AcDe,ig+ ADi1,i)) +2Bur(AiDi,xr + AsD3, x1) 
+4BijBurNij,xi] , (2.2) 

where 
Niy=NiNj+ Riz, Ai=Ni2+2Rypt+N;j , 


Aj=NjA?+2Risd sues Bij= Nit Nyda + Rii1+dy) 4 


, 
and (2.3)) 


Rig=Atat(1+aw Sis , 


The other notations represent the molecular integrals with respect to the atomic orbitals: 


and were already defined by Eq. (4.4) of I. With Mulliken’s notation they are expressed! 
as 


Lis=(G\h1b3) , Cis=(bidbe; $565), Kis=(bids3 $i), | (2.4) 


Dx. i5=(bidx; $103), Nis nr=(bibs; bx.) , Sis=(Gilbs) , 


where h denotes the part of the total Hamiltonian depending on only one electron. The 
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summati i i i 
ions p> and an in Eq. (2.1) extend over all the orbital pairs and all the pairs of 


orbital pairs, respectively. The last term in Eq. (2.1) represents the repulsive potentials 
. between the constituent nuclei. 


There is a relation among the coefficient (2.3) as follows: 


2Nij= Ait Aj t2SijBiy , (285) 


| Using this relation and assuming the Mulliken approximation (5.6) of I for the estimation of 
the values of the many center energy integrals, we obtain from Eq. (2.1) 


, H. 


: 
— =>) Ea*+ > Fij(AB) ij 7 
| ah A > jAB)+ 3 Pi) + sca Rij, kl) +G (2.6) 
, with 
Ff 4B) a2 At As ye. sv pope 
: KAB)=— Se (Vat SY Cot Vartt SY Cx) 
| 1 
Lin, (1+ 4u)?Ciy+{((1+Apy)? +44 py) Ka; 
: + (22+ w?)(Cu+Cy)+2A+n)(1+4n)(Di43+D3.4))] 
2Bis 
shop S {Tis48-+ SY Datg+ DY Doay}+ DY Vas? + DS! Voo4 
| ij axi b>J ast oJ 
ly ys _ SiGBiy 0 
| 4 2 a 2 ete hae Nij Eiht 2x0 
ox 1 As— A; 
sae Ma are Gi 7) (2.8) 
: Li Aia Ay Ave 
RG, kN ANG Z We (Cu—Cr—Cut+Cp) ; (2.9) 
and 
G= > WAC), (2.10) 
(AC) 


where the notations are almost the same as those defined in I, that is, Vij?=(¢:| V7|¢5), 
[i342 =(¢:i| 34+ V4+ V21¢;), V4 and V2 are the core potentials of the atoms A and B, re- 
spectively, the subscripts @ and 5 denote the atomic orbitals of the atoms A and B, respec- 
tively, the summations 2! and a’ extend over all the valence orbitals of the atoms A and 
B other than the orbitals ¢: and ¢;, respectively, and Vz represents the interaction energy 
between the atomic cores A and B. The intra-atomic exchange integrals are involved in Eq. 
(2.6), since these integrals are considered to be the zeroth order terms in T. Then the 
quantity E4* represents the total energy of the valence state of the atom A, and the quan- 
tity —&4 denotes the ionization potential for the orbital ¢: of the atom A. The quantity %; 
_is expressed as 


mab +— Cut {Vuk +d Ciz} , (2.11) 


where the summation SY extends over all the constituent atoms of the molecule other than 
x 

the atom A and the summation % extends over all the valence orbitals of the atom X. We 

have assumed the approximate relations Dj,ij=3Si(Cut+Ci) and Dj,1j3=4Si(Cist+Cys) in order 

to derive Eq. (2.11). As we may assume that the term Di {Vaek +d Ciz} in Eq. (2.11), which 


represents the contribution from the neutral atoms, is small enough to be neglected, we 
consider that the quantity —%: represents the electronegativity with respect to ¢: of the 
atom A in Mulliken’s scale. The term Q(AC) which represents the interaction energy 
between the atoms A and C is defined by 
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DASE Vices Veet + = Sona. (2.12) 
a b a Cc l 


where the summations x and x extend over all the valence orbitals of the atoms A and 
C, respectively, and the Aseanamnation py in Eq. (2.10) is taken over all the pairs of the second 


or more remote neighbours. | 
According to Eq. (2.6), we can define the binding energy Do(AB) of the bond A-B in the 
zeroth order approximation as 


Di AB)=FXAB)+ PU) +> 3, Ri, MtE+U, (2.13) 
with 
Ge pie Squad) is 2 Sep 
0 natne DNp+Npd 


goa (Ea*— ape Layee 5 
NA NB 


where the terms G’ and U are the same as those defined in §6 of I, ma is the total number 
of the valence orbitals of the atom A, the summation > extends over the atoms which are 


not directly bonded to the atom A, Eu is the atomic nerey of the ground state of the 
atom A, E4*—E4 is the promotional energy from the ground state to the valence state in 
the atom A, and so on. 

Next, we shall discuss the energy terms in the second order approximation. They are 
H2/4o—HoA2/40? in Eq. (1.3) and expressed as 


Hid HA/d=—s Sy Gi, BD (2.14) 
2 {AK} 
with 
Ja, RD=BUj, kl)—AGj, Rl) AG) + Hl) 
+AGi, H+ SY (AG, BD+AG, pay, (2.15) 


where Bij, kl) has a rather complicated expression as shown by Eq. (4.6) of I and will not 
be written here again. The summation >a ‘ in Eq. (2.15) is taken over all the bonds other 
pq 


than the bonds (77) and (Al). A(zj, kl) which represents the effect of the non-orthogonality 
between the bonds (7j) and (&/) is expressed as 


Aj, Rl)= 


N, Aa {AiAnTix? + AjAnT jp? + Ai ATi? + AjAiT3?? 
aj 


+2BifArTiuTje+ ArT T ) +2Ber(AiTiTit+ AjT xT) 
+2BijBelTixT jt TT x)} , 
where 7x is the overlap integral between the atomic orbitals ¢: and ¢% and so on. We can 


easily rewrite the expression of 4(7j, k/), deviding it into the terms with the even or odd 
symmetry with respect to the interchange of 4 and p: 


Aj, Rl) =qisqu( Tu? + Tx? + Tu? + T 2) + 2BisgulTixT nt Tu Ty) 
+2Brigi( TieTut TT pn) +2BjBu(TieT t+ TaT x) 
+ pi shar Tu? — Te? — Ti? + Ty) +2Bispel Tix T pr— TuT j:) 
+2Bripi( Tix Ti— TT pr) , 


where gij=(Ait+A))/2Nij, pis=(A.—Aj)/2Ni;, and so on. The quantities qgij and pi; have the 
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even and odd symmetry with respect to the interchange of 4 and y, respectively. The term 
‘Bj, ki) in Eq. (2.15) can be shown to have the similar expression as Maj, kl), as that term 
comes mainly from the overlap between unpaired orbitals. As seen from Eq. (2.17), we can 
expect that the odd part of B(ij, kl) and A(ij, Rl) gives a rather small contribution to the 
binding energy, since the terms appearing in this part cancel each other. 


The contribution of the second order terms, —¢ 2» Jj, kl), to the binding energy of 
(GK) 
a bond should be added to Eq. (2.13), if we take terms up to the second order in T into 
account. We here note, however, that we must subtract the terms of the intra-atomic ex- 
change integral, 


SirBrt 
+ pi K 
Na pig + oD) jk 


(1 _ SisBis 
Nij 


from j(ij, kl), if the two bonds (ij) and (k/) are adjacent and @; and ¢x are the atomic orbitals 
of the same atom. 


=cXa, where c~0.7. According to the physi- 
cal meaning of the Mulliken scale of electro- 
negativity, it may be reasonable to assume 
pij proportional to (X4—Xz). From Eq. (2.8), 
we get the relation 
— Pj) =— pisni—xi)=cr(Xa—Xz)? , (3.2) 
where 7 is the proportionality factor between 
piy and (X4—Xz). From Eqs. (8.1) and (3.2), 
we obtain the linear relation between the 
two scales of electronegativity which are 
given by Pauling and Mulliken independently: 
xa—XB=V cr(X1—Xz) . (3.3) 
From the results of the measurement of eQq, 
Gordy®) gave an empirical relation 


: 
'§3. Consideration about the Pauling Scale 
| of Electronegativity 


Considering the relation (2.5) among the 
coefficients (2.3), we may interpret that the 
quantities Ai/Nij and A;/Ni; are the charge 
densities of the atoms A and B, respectively, 
and the quantity 2Si;Bi;/Ni; is the charge 
density in the overlap region due to the bond 
(ij). Then, the quantity pi; represents the 
amount of charges in the bond (27) which are 
transferred from the atom B to the atom A. 
In the expression of the binding energy of a 
bond, the terms involving the coefficient pi; 
are P(ij), Rij, kl) and a part of Jj, kl). If 
we assume that the contribution from R(zJ, 
kl) is small enough to be neglected, we can 
interpret that P(zj) is the extra binding ener- 
‘gy for the bond (27) due to the polarity of 
the bond. As shown later, the assumption 
holds at a large inter-bond separation. If we 
assume that the homopolar part of the bind- 
ing energy of the bond A-B is replaced by 
the additive mean of the binding energies of 


; 


7 
{ 
’ 
q 


py ta—x0) . 


from which we get y=c/4. Thus, we have 


the relation 
ka—Ha=-5(Xa—Xn)~0.35(Xa— Xn) 


This agrees excellently well with the empiri- 


the bond A-A and B-B, we may assume that 
—P(ij) is the “extra ionic resonance energy ” 
‘given by Pauling.» Then we get the ex- 
pression 

—P(ij)=(x4—Xz)* , (Sal,) 
where x4 and «xz are the electronegativities of 
the atoms A and B in the Pauling scale, re- 
spectively. On the other hand, —xz is ap- 
proximately equal to the electronegativity of 
the atom A in the Mulliken scale, as men- 
tioned in the preceding section. According 
to Mulliken’s discussion,’? —%: may be a little 
smaller than the electronegativity X4 of the 
atom A in the Mulliken scale, that is, —%: 


cal rule: 
Xa—Xp=0.36(X4—Xz) . 
Similar discussion was given by Mulliken” 
with the use of the molecular orbital method. 
His theory is, however, applicable only when 
the atoms A and B are rather similar atoms, 
since the energies of the molecular orbitals 
are given as a power series of the ratio of 
the difference of the Coulomb integral for 
the atomic orbital ¢: from that of ¢; to the 
resonance integral between them. 
The term R(ij, kl) which represents the 
interaction energy between the polar bonds 
may give the so called inductive effect. This 
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term will decrease rather rapidly with increa- 
se of the separation between the bonds (zs) 
and (kl), because the Coulomb integrals ap- 
pearing in the expression (2.9) of R(ij, kl) 
cancel each other. There are, of course, the 
terms depending on both of the coefficients 
pij and px in the second order term J(ij, kl), 
but the magnitudes of these terms will also 
decrease rapidly with increase of the separa- 
tion between the bonds (7j) and (A). This 
may be seen from the corresponding terms 
in 4(ij, kl) of Eq. (2.17). 


§4. Application to the C-C Bond in the 


Diamond Crystal 


We here consider the application of the pre- 
sent method to the C-C bond of the diamond 
crystal, in which the individual bonds are 
homopolar and equivalent. Then, we can put 
A=y. in the wave functions (1.1). Each car- 
bon atom in the diamond crystal has four 
equivalent valence orbitals. Each bond has 
six nearest neighbour bonds and eighteen 
second nearest neighbour bonds in which 
twelve bonds locate at the gauche positions 
and other six bonds at the trans positions. 
Considering the above facts, the expression 
for the binding energy of a bond is derived 
from Eq. (2.13) with including the second 
order term as 


D(AB)=Fif AB) +—( Q(AC)+. Q(BD)} 
+i, R-3Hi, st) 


5 ae 
ZIG, Pq) 


+—({Es*-Es)+(Es*-Ex)} 


where the summations >) and 5») are taken 
0 D 


only over the second nearest neighbour atoms 
from the atoms A and B, respectively, be- 
cause of smallness of the contribution from 
the more remote neighbours, (k/) is an ad- 
jacent bond of the bond (77), (st) is the second 
nearest neighbour bond at gauche position 
for the bond (27), and (pg) is the one at the 
trans position. In Eq. (4.1), we neglected the 
second order terms owing to the third nea- 
rest or more remote neighbour bonds, since 
their effect will be small enough to be neg- 
lected. Following the scheme of calculation 
as in II, the value of D(AB) is obtained asa 
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function of the parameter 4. The result iss 
shown in Fig. 1. From this figure we find! 
3.92eV as the binding energy of the C-C) 
bond in the diamond crystal and the optimum) 
value of 4 is 0.16. It is also shown in this; 
figure that the value of the binding energy; 
of the bond in the Heitler-London approxima-- | 
tion (A=0) is almost equal to that in the? 
molecular orbital one (A=1), and they are less} 
than the resultant value of the binding ener-. | 
gy by about 0.4eV per bond. This value can) 


(eV) 


-4,00! 


Fig. 1. The variation of the value of D(AB) with | 
A for the C-C bond in the diamond crystal. 


be interpreted as the ionic effect from the. 
point of view in the Heitler-London scheme 
and as the correlational effect from that in 
the molecular orbital scheme. Furthermore, 
in our calculation we found that the second 
order terms are scarcely influenced by the 
inclusion of the ionic terms and the minimum 
point in Fig. 1 is almost determined by the 
zeroth order terms. The effect of the non- 
orthogonality between a valence orbital of 
one atom and a core orbital of another atom 
in the semi-localized orbital method, which is 
almost equal to that in the Heitler-London 
approximation, reduces the binding energy by 
about 0.28eV per bond. Finally we obtain 
3.64eV per bond as the approximate binding 
energy of the C-C bond in the diamond 
crystal. | 


| 


§5. Conclusion 


We discussed the ionic structure of the ¢ 
bond with the use of the semi-localized orbital 
method, for this method has several advan- 
tages as mentioned in §1, and so can extract 
the contribution of the ionic structures on the 
binding energy in a simple manner. We, 
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hen, found an interesting fact that the dif- 
‘erence between the electronegativities of 
che atoms A and B in the Mulliken scale is 
found in the expression of the binding 
anergy of the bond A-B in connection with 
the polarity of this bond. Under the assump- 
tions mentioned in §3, it was shown that we 
can find theoretically the relation between the 
scale of electronegativity given by Pauling 
and that given by Mulliken. We also obtain- 
ed a qualitative interpretation for the rapid 
decreasing of the inductive effect with in- 
creasing the separation between the bonds. 
We, however, postpone the quantitative dis- 
cussion on the heteropolar bonds. 

_ We calculated the binding energy of the C- 
C bond in the diamond crystal with including 
the ionic structures of the bonds. We found 
that the maximum value of the binding ener- 
gy of the bond was 3.64eV per a bond and 
the corresponding value of 4 was 0.16. The 
calculated value of the binding energy of the 
C-C bond is in good agreement with the ex- 
perimental one 3.716 eV per bond.” From the 
best value of 4 it is found that the resultant 
wave function is rather well expressed by 
the Heitler-London approximation. This re- 
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sult is different from that given by Schmid® 
who concluded the molecular orbital approxi- 
mation to be almost near to the best. Our 
criticism against Schmid’s calculation was 
already cited in §4 of Il. Our calculation 
shows that the correlational effect on the 
binding energy neglected in the molecular 
orbital scheme is about 0.4eV per bond, 
that is, 0.8eV per atom in the diamond 
crystal. 

The author wishes to express his sincere 
thanks to Professor K. Niira for his incessant 
encouragement and for his kind reading of 
the article. The author is indebted to the 
Ministry of Education for the research grant, 
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When the specimens of iron-aluminium alloys were cooled in a magnetic 
field from high temperatures, the percent increase of initial permeability 
is generally not large, but that of maximum permeability is considerably 
large and it has a maximum at the concentration of 10.20 percent 
aluminium. The effect of heat treatment in a magnetic field is small 
for the concentration of more than 11.5 percent aluminium. When the 
quenched specimen of 10.20 percent aluminium was annealed again at 
various temperatures in a magnetic field and cooled in the field, the 
lowest effective temperature of heat treatment in a field becomes about 
225~250°C. This temperature is 100°C lower than the usual lowest 
effective temperature for the specimen without quenching. Maximum 
permeability of the specimen which was quenched at first and heat treated 
at about 250°C in a magnetic field reaches to the highest value of about 


30,000. 


1. Introduction 


Masumoto and Saito” studied the effect of 
heat treatment on alloys containing up to 17 
percent aluminium and found the maximum 
and initial permeabilities, the coercive force, 
and the residual induction are sensitive to 
cooling rate, especially in the neighbourhood 
of 14-16 percent aluminium. The highest 
permeabilities were obtained with the alloys 
containing about 16 percent aluminium that 
were quenched from 600°C. These alloys 
were named Alperm. The alloy containing 
about 13 percent aluminium that has high 
magnetostriction, was named Alfer. Alperm 
was noticeable as a new magnetic material 
at that time, since its specific resistance was 
140 ~2-cm and it did not contain the expensive 
material, such as nickel or cobalt. The ques- 
tions of manufacturing, however, could not be 
settled at that time. Afterwards, Nachman 
and Buehler” reported that the alloy containing 
about 16 percent aluminium can be rolled to 
0.01mm in thickness at room temperature 
after it has been rolled to about 0.1mm at 
about 575°C. 

In the range of solid solubility, 0-32 percent 
aluminium, two types of superstructure are 
formed. They are designated Fe;Al and FeAl 
corresponding to 13.9 and 32.6 percent alumi- 
nium by weight. Saitd® reported that an 
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other phase tnan the two phases mentioned] 
above should exist in the alloy containing: 
about 10 percent aluminium, considering from) 
the variation of electrical resistance and speci-. 
fic heat with temperature. Saito supposed! 
that this phase is a superlattice Fe:;Al1; (10.03) 
percent aluminium). Recently, Taylor and} 
Jones® reported that this phase exists, as a) 
result of X-ray analysis. 

Arrott and Sato®) reported the alloys above: 
19.2 percent (33 atomic percent) aluminium 
exhibit antiferromagnetism and those below’ 
15.8 percent (28 atomic percent) aluminium. 
are ferromagnetic. They also found that: 
between 15.8 and 19.2 percent aluminium, 
the behaviour is ferromagnetic at room tem- 
perature but shows a transition to Antifer- 
romagnetism on lowering the temperature, 
and the antiferromagnetism exists only in the 
ordered structures. 

These investigations make our attention 
again direct to this alloy. Recently, Nachman 
and Buehler®, and the author” found that the 
initial and maximum permeabilities of the: 
alloys containing about 12 percent aluminium 
are very high in an annealed state. The 
present paper reports the result of the further ' 
study on these alloys especially on the effect 
of heat treatment in a magnetic field on the 
permeability and hysteresis loop of the alloys. 
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$2. Specimens and Experimental Methods 


Specimens were prepared by induction 


melting in vacuum from electrolytic iron 


used for the preparation of the alloys. 


(99.9%) and pure aluminium (99.99%) were 
One 
part of each cast was hot roll-forged to pre- 
pare a square-rod specimen (about 2mm square 
and 50cm in length), and the other part was 
hot rolled to about 0.8mm in thickness in 
order to prepare a ring-shape specimen (27 mm 
in outer diameter, 19mm in inner diameter). 

All the specimens were first annealed at 
1000°C for 1 hour and then furnace cooled 
in vacuum. Subsequent various heat treat- 


ments were applied thereafter. 


The measurement of magnetization was 


_ made at room temperature by a usual ballistic 


method for the rod specimens and by a record- 
ing flux meter for the ring-shape specimens. 
Before each measurements, the specimens 
were always demagnetized with a.c. field. 


§3. Experimental Results 

The rod specimens were heated in vacuum 
in a non inductive electric furnace at 800°C 
for 30 minutes, cooled to 120°C at the rate of 


150°C per hour without a magnetic field or 
under an application of longitudinal magnetic 


‘field with the strength of 12.50e and then 


furnace cooled to room temperature. The 
results of measurement on the initial and 
maximum permeabilities of these specimens 


-are given in Fig. 1 together with those of the 
specimens quenched in water from 600°C. As 
is shown in the figure, in a case of initial 


permeability, the values are not so different 
between the two slow cooled specimens with 
and without a magnetic field, whereas, in the 
case of maximum permeability, the values are 
quite different and the values with a magnetic 


‘field have a maximum in the vicinity of 10 


percent aluminium as already reported by the 
author”. 

Fig. 2 shows the magnetization curves and 
the hysteresis loops of the ring-shape speci- 
mens of seven alloys containing about 5-12 
percent aluminium. Curve (a) indicates the 
case that each specimen was heated at 800°C 
in vacuum in a non inductive electric furnace 
for 30 minutes and cooled without a field. 
Curve (b) indicates the case that each specimen 
heat treated as mentioned above was reheated 
to 550°C and furnace cooled in a circular 
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magnetic field with the strength of 120e. It 
had been known from the other preliminary 
experiment, that such a strength of magnetic 
field is sufficient for the effect. Fig. 3 shows 
the variation of initial and maximum permea- 
bilities with composition. In this case also, 
the permeability of the alloy containing 10.20 
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Fig. 1. Initial and maximum permeabilities of the 


rod specimens of iron-aluminium alloys with 
different heat treatment. 


percent aluminium was increased most re- 
markably by heat treatment in a field. The 
minimum of coercive force is also obtained 
with the alloy containing 10.20 percent 
aluminium. In this case, we found that the 
maximum permeability of the alloy of 12.12 
percent aluminium decreases extremely after 
the second heat treatment in a magnetic field, 
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From Figs. 1~3, it is concluded that the 
change of permeability and hysteresis loop by 
heat treatment in a field is most remarkable 


from various temperatures of the cooling. 
Curves (a) in Figs. 4 and 5 show the result. 


at the concentration of about 10 percent of 10x30 
aluminium. The following experiment was 

made mainly on the rod specimen of contain- 28 
ing 10.20 percent aluminium. The relation 26 
between the permeability at room temperature 24 
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Fig. 2. Magnetization curves and hysteresis loops 


: r degr. 

of the ring-shape specimens of several iron- Temperatu eT ( eg ) 
aluminium alloys heat treated without or with a Fig. 4. Relation of maximum permeability (um) of 
field. 


the specimen containing 10.20 percent aluminium 
to the temperature (T) from which a magnetic 
field was applied. 
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and the temperature at which the magnetic field Temperature T (degr) 
was first applied was observed for threedif- pig. 5. Relation of initial permeability (u) of the 
ferent procedures. At first the specimen was specimen containing 10.20 percent aluminium to 


cooled from 800°C at the rate of 150°C per hour the temperature (T) from which a magnetic field 
and the magnetic field of 12,5 Oe was applied was applied. 
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Next the specimen which was first cooled from 
800°C at the rate of 150°C per hour without a 
magnetic field was again inserted into the 
furnace at various temperatures and with a 
magnetic field, kept 30 minutes and cooled 
with the field at the rate of 150°C per hour. 
Curves (b) in Figs. 4 and 5 show the result. 
Lastly the specimen was first quenched from 
600°C during cooling from 800°C, and the 
procedure identical to the case (b) followed. 
The result is shown by curves (c) in Figs. 4 
and 5. 

In Fig. 4, remarkable decreases in the 
maximum permeability #m are seen in the 
temperature range from 200°C to 320°C and 
the critical temperature is appreciably lower 
for curve (c). The maximum value of about 
30,000 for curve (c) at T=250°C is the largest 
value of the maximum permeability in this 
study. In Fig. 5, considerably sharp maxima 
are observed in curves (a) and (b), and the 
corresponding temperatures are 350°C and 
300°C for curves (a) and (b) respectively. 


$4. Short Discussion 


It is first pointed out in Fig. 4 that the 
effective temperature range of the magnetic 
field annealing is extended to 250~225°C for 
the quenched specimen and the maximum 
permeability reaches its maximum value at 
this temperature range. This result will show 
that the most available effect of heat treat- 
ment in a magnetic field is present when the 
magnetic field is applied to the alloy that is 
recovering slowly from the quenched state. 
It is remarkable that such an large effect of 
heat treatment in a magnetic field is present 
at a comparatively low temperature range, 
~250°C, 

In both curves (a) and (b) in Fig. 5, maxi- 
mum values of initial permeability s) are 
obtained by critical heat treatments in a 
magnetic field. This phenomenon is analogous 
to the one that was found in 65 permalloy 
and 45 25 perminvar by the author®. It is 
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also interesting that a maximum value of Lo 


of iron-aluminium alloys was obtained when 


the heat treatment in a magnetic field was 
set up from the temperature at which the 
effect of this treatment on 4m 
rapidly. 


§5. Summary 


The permeabilities of vacuum melted fer- 
romagnetic iron-aluminium alloys were measu- 


red and the relation of permeabilities te . 
concentration of aluminium was also investi- 


gated for specimens heat treated with and 
without a magnetic field. In the concentration 
range of about 5 to 11 percent aluminium, 


the maximum permeability was increased and 


the hysteresis loop became rectangular after 


the heat treatment in a magnetic field. The 


change in these properties by heat treatment 
in a field was most remarkable at the concen- 
tration of about 10 percent aluminium, and 
the maximum permeability increased to 10-11 
times as large as in the annealed state. 

In conclusion the author wishes to express 
his hearty thanks to Dr. Y. Shichijd, the 


chief of the magnetic material research section — 


of the Electrical Communication Laboratory, 
for encouragement. 
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$1. Introduction 


Numerous investigations have recently been 

made on single crystals of cobalt ferrite. It 
is well known that cobalt ferrite has a positive 
cubic magnetic anisotropy of large magnitude 
and exhibits a uniaxial magnetic anisotropy 
by heat treatment in magnetic field @)»©®., 

The magnetic anisotropy of cobalt-substi- 
tuted magnetite single crystals was measured 
by Bickford et al“ and the origin of its 
‘magnetic anisotropy was explained by Slo- 
nczewski®, considering the spin-orbit coupling 
energy of divalent cobalt ions placed in the 
crystal electric field of trigonal symmetry. 

However, up to date, there have not been 
enough experiments for the mechanism of 
magnetic anisotropy of cobalt ferrite to be 
cleared. Especially, the temperature depend- 
ence of the uniaxial magnetic anisotropy 
constant has not been measured. 

The ferromagnetic resonance of cobalt 
ferrite cannot be observed at room tempera- 
ture by an ordinary method because of its 
large anisotropy energy, and its observations 
have been made only at elevated temperature 
at 24 KMc or higher frequencies. The 
resonance line is not simple, but secondary 
peaks are observed. Artman™ suggested that 
the secondary peaks could be explained by the 
effect of unsaturated magnetization. 

Our purposes are to show (1) how uniaxial 
magnetic anisotropy induced by magnetic 
annealing and cubic magnetic anisotropy of 
Coos Fe220, depend on temperature and (2) 
whether secondary peaks of resonance lines 
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The magnetic anisotropy of iron-cobalt ferrite is studied by means of 
ferromagnetic resonance. The cubic magnetic anisotropy K,/M and the 
uniaxial magnetic anisotropy K,;/M induced by heat treatment in 
magnetic field are measured in the temperature range between 70°C and 


The secondary peak observed in the ferromagnetic resonance of iron- 
cobalt ferrite are explained by the domains having different orientation 
of uniaxial magnetic axis. From the experimental results g-factor of 
iron-cobalt ferrite is determined to be 2.86. The temperature dependence 
of g-factor has not been observed within limits of errors. 


can be explained by the domains having dif- 
ferent orientations of uniaxial magnetic ani- 
sotropy, with results of ferromagnetic reso- 
nance observed at temperatures between 70°C 
and 250°C, using single crystals of the material 
with or without magnetic annealing. 


§2. Experiment 

The single crystals of iron-cobalt ferrite 
used for the measurement of ferromagnetic 
resonance are the same one reported by Sawa- 
guchi et al®, which are grown from the melt 
in a platinum crucible in air, using borax as 
flux. The composition was determined by 
chemical analysis as Coo.gFe:.2O.. The single 
crystals having regular shapes of octahedron 
of about 0.5mm in side were selected. 

A typical microwave transmission technique 
at 24.4KMc is applied to measure the ferro- 
magnetic resonance. The cavity used is that 
of TEi9) mode, constructed of rectangular 
waveguide. As shown in Fig. 1, a mica plate 
is inserted in the middle point of the cavity 
to insulate thermally the lower part of the 
cavity from the upper. Chromel wires insu- 
lated with mica plates and glass ribbons are 
wound around the cavity to act as a furnace. 
In this way the temperature of the. specimen 
is changed from room temperature to about 
250°C. The loaded Q of the cavity is about 
1000. 

The electromagnet has pole pieces of 12cm 
diameter with 2.95cm gap between them. 
The maximum value of magnetic field is 
about 11300 oersteds at 10 amperes. 
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The specimen is rotated in such a way 
that the magnetic field is in the (010) plane. 

The measurements are performed using the 
same specimen, under the three conditions as 
follows: (1) The specimen is fresh and ma- 
gnetic annealing is not performed on it. (2) 
The specimen is annealed in the magnetic 
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Fig. 1. Resonant cavity 


field parallel to its ¢<001>-axis. (3) The speci- 
men is annealed in the magnetic field parallel 
to <101>. 

The results obtained in each case will be 
described successively. 


(1) No magnetic annealing 


Magnetic resonance absorption cannot be 
observed at room temperature, but broad lines 
are found above about 70°C. In Fig. 2, the 
absorption lines at 148°C are shown as ex- 
amples for various angles between the crystal- 
lographic axis and the external magnetic field. 
The angle zero means that the external 
magnetic field is parallel to <001). 

Two peaks are observed in the resonance 
curve for each case and values of magnetic 
field at peaks depend on the angle and the 
temperature. This behaviour is shown in 
Fig. 3 at 82°C and 148°C. At 82°C the secon- 
dary peaks are not observed; from the curve 
given later in Fig. 4, which shows the tem- 
perature dependence of the secondary peaks, 
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it is seen that the value of H where the | 


secondary peaks appear decreases as the tem- 
perature is decreased, and will become zero 


for a certain temperature between 82°C and | 


148°C. 

Taking the temperature of the specimen as 
absissa, the values of magnetic field at reso- 
nance are plotted in Fig. 4 at directions of 
£001), <101> and 23° from <001} in (010) plane. 


Absorption 


Fig. 2. Absorption vs. magnetic field at 148°C 
and 24.4 KMc. 
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(010) plane. 
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Fig. 4. H of double peaks vs. temperature at 
<001>, <101> and 23° from <001>. 
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It is surprising that the secondary peak is 
observed at <001> in spite of this direction 
being the axis of easy magnetization. Ac- 
cording to Artman™, the secondary peak is 
due to the effect of unsaturated magnetization 
and so it should not be observed at the 
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direction of easy magnetization. It should be 
concluded that these secondary peaks appear 
from another causes; this problem will be 
discussed in the next section. 

Above 170°C the secondary peaks at <101) 
and 23° from <001) are not distinguished from 
the primary peaks. The broad primary peak 
seems to have masked the secondary one. 
Therefore, the values of magnetic field at 
resonance in this temperature region are not 
reliable. So it may not be concluded whether 
the magnetic anisotropy changes its sign at 
higher temperatures, although the upper 
curves in Fig. 4 cross one another at ca. 200°C. 


(2) Magnetic annealing parallel to <001> 
The cobalt ferrite single crystal was cooled 
in air from 580°C to 200°C in one hour in a 
magnetic field of 10,000 oersteds parallel to 
<001>. Then it was cooled down to room 
temperature in the same magnetic field within 


about half an hour. 


Fig. 5 shows examples of the results obtain- 
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' Fig. 5. Absorption vs. magnetic field at 115°C 
and 24.4KMc, magnetic annealing parallel to 


<001>. 0° shows the direction of <001>. 


ed with the sample treated in this way, for 


various angles between the external magnetic 
field and <001> axis at 115°C. As shown in 
the figure, the line shape is simple and the 
secondary peak observed in the case of no 
magnetic annealing disappears. In Fig. 6 the 
magnitude of magnetic field at resonance is 
plotted against the angle. The measurements 


were performed at 66°C, 115°C and 165°C. 


The values of the external magnetic field at 
<001> and <100> are different from each other. 
This fact shows that the uniaxial magnetic 
anisotropy has been induced in the direction 
of <001> by heat treatment. The uniaxial 
anisotropy constant can be determined from 
the difference of these values. Its magnitude 
will be given in the following section. 

Fig. 7 indicates the temperature dependence 
of resonance magnetic field strength for three 
different directions of the magnetic field rela- 
tive to the crystal axes, namely <001>, <100> 
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and <101>, of which <001) is parallel to the 
direction of the field at magnetic cooling. 


Magnetic annealing 


5000 


“90° 
<joo> Angle 


go> 
Fig. 6. Magnetic field at resonance vs. angle in 
(010) plane, magnetic annealing paralell to 
<001>. 
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Fig. 7. Magnetic field at resonance vs. tempera- 
ture, magnetic annealing parallel to <001>. 


(3) Magnetic annealing parallel to <101> 


In this case the line shapes are similar to 
those of <001> magnetic annealing given 
above. The resonance magnetic field strength 
is plotted in Fig. 8 against the direction of 
the magnetic field for three temperatures, 
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88°, 119° and 191°C. The same is plotted in 
Fig. 9 against temperature for the direction 
of the magnetic field at <001> and <101>. 

From these results it is found that the 
uniaxial magnetic anisotropy is induced in 
(101) by heat treatment in magnetic field. 

The values of anisotropy constant will be 
given later. 


266 100 150 
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Fig. 9. Magnetic field at resonance vs. tempera- 
ture, magnetic annealing parallel to <l01>. 


§3. Relations between frequency and ma- 
gnetic field at resonance 


At first we shall consider the relations 
between the frequency and the external 
magnetic field at resonance in order to analyse 
the results of experiment. 

It has been known from the observations 
that iron-cobalt ferrites have uniaxial magnetic 
anisotropy besides the ordinary cubic one. As 
there have been no quantitative studies on 
such a case, we shall calculate the conditions 
for the resonance according to the method 
used by Smit et al® and Suhl@®, We 
describe cubic and uniaxial magnetic anisotro- 
py as Ki and Kz, respectively. The higher 
terms of magnetic anisotropy are neglected 
in the following calculations. 

Taking the cubic crystallographic axes as 
coordinates, we shall denote with a, a, and 
a; the direction cosines of the direction of 
magnetization M and f:, 8, and $3 those of 
external magnetic field H. For a magnetic 


system the free energy can be written as 
follows. 


F= Kr sin? 04+ Ki(avas?+ aa? +a;7a") 
—MH (a,Bi+ a282+a83) 


+5 (Na+ NyQ2?+N2a3"), 


where @ is the angle between the uniaxial 
axis induced by magnetic annealing and M; 
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Nz, Ny and N; are the geometrical demagneti- | 
zation factors. 
The first term on the right-hand side is. 
the uniaxial magnetic anisotropy energy and 
the second term is the cubic one. The third } 
term is the magnetic interaction with the 
external magnetic field. The last term is the 1 | 
energy of demagnetization. The term of } 
magnetostrictive energy is neglected. | 
The direction, in which this free energy | 
has minimum value, is that of magnetization 
at equilibrium. Using this free energy, FP, 
the resonance frequency is in general as 
follows. 
o 1 CROF . 8F 
y Msin aL 06? ag! 3009 | 
6 and yg are the angles of magnetization in 
the spherical coordinate. 7 is the gyroma- 
gnetic ratio. For simplicity, we assume 


henceforth that the sample is a shpere and 
7 


NSN NA and external magnetic field is 


large enough that the magnetization can be 
considered homogeneous in the specimen. 

The detail of calculations of resonance 
condition in various cases are not shown here, ~ 
but it has been preformed according to the 
method by Artman™. The relations between 
frequency and the magnetic field at resonance 
are summarized in the following. 

Case I: H and uniaxial axis are always 
in (010) plane. The frequency at resonance is 


2 mm” 
(3) =| ip llroos 2(6'—0)} 
5 deeega cos 40o}+ H 
2M 


2 7 2 Rj 
Kr 2(61—@ 2h M 
| uM cos 2 ( o)+ u cos 4494 H | : 


) is the angle between AH and <001>, and @! 
is the angle between uniaxial axis and <001). 

In this case the angle between H and M is 
given as 


ie K, 
hay veer oe iy le 
d Ma SMH 


If cubic magnetic anisotropy only exists, it is 
seen from this equation that M coincides 
with H at 0=0, = and =. 

4 } 
uniaxial magnetic anisotropy parallel te <001), 
&=—(Okata =Oeand a 


sin 40. 


But if there is 


In general, except in 


the case where H is large enough compared 


e 
: 
) 
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‘with K/M, M dose not coincide with H at 
any direction. When this departure is large, 
‘the magnetic field at resonance differ consi- 
‘derably from the one obtained by putting 
‘'€=0. So when K/M is large, the magnetic 
‘fields at resonance cannot be used to estimate 
‘the anisotropy energy except the point of 
e=(). 

Case II: Uniaxial axis coincides with 
z-axis, but H is rotated in the (001) plane 
‘perpendicular to uniaxial axis. 

In this case the frequency at resonance is 
‘given as follows. 


ese cos fo. H | 
2K 
A a a, + cos 4o.}+H |. 


Y) is the angle between H and x-axis. Co- 


incidence of M and H happens at g=0, 7 and 


7c 
ah 

In the case of A and uniaxial axis being in 
the (110) plane the resonance frequency is 
given as follows, which we need not use for 
the present experiment. 


(2) [470+ cos 2 (6'—8,)} 

Kk, H 
teu cos 48,+16 cos 20,—3} + 
Sioa 

‘LM 


+38 cos 44)-++c0s 26} +H | : 


Although Ki/M and K7r/M can be obtained 
from the equations of resonance frequency 
mentioned above, the result is very complica- 


ted. But if Aa/M, Kr/M<H, these equations 


are simplified in a good approximation as 
follows. 


Case I: H= 2. {143 cos 2(0'—00)) 
21 (8+5.c0s 494}, 
Case II: Hao at 1 (3.45 cos Ago}. 
j M 4M 


In this case these simplified relations may be 
used to estimate magnetic anisotropy con- 
stant. 
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§4. Results 
(A) K,/M, Kr/M and g factor 

We shall first discuss the case of magnetic 
annealing. The Ki/M and Kr/M values of 
the samples annealed in magnetic fields 
parallel to <001> and <101> are plotted in Fig. 
10 against temperature. 

(1) It can be known from this figure that 
K,/M are nearly equal in both cases. These 
values are somewhat smaller than the one 
obtained for cobalt ferrite by Tannenwald® , 
which are shown in the same figure by cros- 
ses. However, the temperature dependence 
of Ki/M obtained by him seems to agree 
with our results, as shown with dotted line. 
The discrepancy in K,/M is likely to be due 
to the difference in the composition of cobalt 
ferrite used. 

It might seem from Fig. 10 that K,/M 
changes its sign at 200°C in the case of <001> 
magnetic annealing, but too much emphasis 
should not be put on this point, since there 
should be some error coming from the neglect 
of the effect of demagnetization in calculating 
such a small magnitude of k,/M from the 
experimental results. 

(2) The values of Kr/M depend on the 
direction of magnetic annealing. Kr/M in 
<001> magnetic annealing are twice as large 
as the one in <101>. 

According to the experimental resuits by 
Bozorth et al, the magnitudes of uniaxial 
magnetic anisotropy induced by magnetic 
annealing should be equal in all directions. 
In conflict with this conclusion, lida et al 
and Bickford et al“ showed that <100> is the 
most effective direction for the magnetic 
annealing, while <110> is the least effective 
one in (001) plane. Our results lead to the 
same conclusion as the one obtained by lida 
and Bickford. According to lida’s results 


using the sample = (20d — 3. 0p<alO? 


Co 
Co+Fe 
erg/g for <100> magnetic annealing and 1.6x 
10° erg/g for <101> at room temperature. In 
our experiment Kr are only measured above 
100°C, and the composition of the sample, 


Coe =(.267, is different from lida’s. So our 
Co+Fe 


results are not directly compared to the one 
obtained by Iida. However, it should be noted 
that both results lead to the same conclusion 
that the ratio of Kr in <001> and <101> 


1466 


magnetic annealing is about two and <001> is 
the most effective direction for heat treatment 
in magnetic field. 

(3) The temperature dependence of Ki/M 
and Kr/M are shown in Fig. 10. It is known 
from these curve that Kr/M in <001> and 
<101> magnetic annealing vary similarly with 
temperature, and that while K,/M decreases 
rapidly with temperature and almost disap- 
pears at about 200°C, K7r/M values slowly and 
takes finite value 200°C. ; 


X Tannen wald (6) 


Kr/M in OOD 


Magnetic Annealing 


KYM in <]01> 
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Fig. 10. K,/M and K7/M in magnetic annealing 
vs. temperature. 


As a matter of course, these phenomena 
relate to the origin of induced uniaxial ma- 
gnetic anisotropy and shall be discussed in 
section 5. 


(4) g factor of iron-cobalt ferrite 

The g factor of Coo.sFe:.,.0, is estimated 
from these experimental results as 2.86+0.06 
in all range of temperature measured. The 
g factors reported by Tannenwald“ are 
23722013" “at 90°C Mand 21272-0.05 —ate2002C, 
The reason for the discrepancy is not distinct, 
but it seems to be owing to the method of 
analysis. 


(B) Secondary peaks 

We consider the case of no magnetic 
annealing. 

As shown in Fig. 2, resonance lines are 
broad and have secondary peaks. In crystals 
having large magnetic anisotropy the secon- 
dary peaks have previously been explained 
as follows. The external magnetic field is 
comparable with the magnetic anisotropy and 
hence magnetization cannot be aligned. There- 
fore, there exist domains with various direc- 
tion of magnetization and the effect of domain 
walls produce the secondary peaks. According 
to this explanation, secondary peaks are not 
expected to be observed in the direction of 
easy axis. 
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We shall try the explanation from another 
point of view. Iron-cobalt ferrites, being: 
cooled in zero magnetic field, have manyy 
domains. When they pass the Curie pointt 
and cool down, they are under the influence: 
of a magnetic field parallel to their sponta-/ 
neous magnetization. So in this specimen) 
there are three kinds of domains having) 


Nei 


induced uniaxial anisotropy parallel to <100>,} 
<010> and <001>, respectively. These domains: 
cannot be brought to resonance for the same? 
value of external magnetic field. When the: 
magnetic field strength satisfies the conditions 
necessary for resonance for each domain, 
absorption takes place at different field! 
strengths and secondary peaks are observed. | 

The experimental results shall be analized| 
on this standpoint, with the assumption that 
each domain has the same volume. 

When 8H is parallel to <001>, the resonance: 
condition is satisfied at two points of magnetic: 
field by two parts of domains. The one has) 
easy axis parallel and the other perpendicular ’ 
to H. The volume of the latter is twice: 
that of the former and is expected to show } 
stronger resonance absorption, which is actual... 
ly the case shown in Fig. 2 (a). 

When JH is parallel to <101>, it makes 45° 
with the easy axis in the domains having: 
uniaxial axis parallel to <100> and <001>, but. 
is perpendicular to easy axis in the domain. 
having uniaxial axis parallel to <010>. So the | 
resonance absorption lines observed at lower ' 
and higher magnetic field and the former is: 
twice as strong as the latter, as shown in 
Fig, 2 @): 

In the general case of A rotated in (010) 
plane, the domain having uniaxial axis parallel 
to <010> always satisfies the same condition 
of H being perpendicular to each axis, but 
the other domains satisfy different conditions. 
depending upon angles, so three lines must 
exist, but they are not distinguished because 
of their broadness. 

In calculating the value of K,/ 4 and Kr/M 
from Fig. 4, only the results with H in the 
<001>-direction should be used, since the | 
direction of H and M is not expected to be. 
the same unless H is either parallel or per- 
pendicular to uniaxial axis. | 

The results of the calculations for tempera- 
tures 100°, 150°, and 200°C are tabulated in 
Table I in comparison with these for magneti- 
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Table I. 

f | No magnetic annealing <OOLS Magnetic Annealing int Magnetic Annealing 
Temperature K,/M oe. Kel oe | K,|M a Kp|M ie} K,|M son . Kr/M iw 
100 1750 | 2180 | 1540 2030 | 1590 1670 
150 | 640 1960 | 360 1420 400 700 
200 ~~ 140? ies 1620 ne ~ 1002 mn 1050 Shie{t yak 50 370 


cally annealed samples. The same g factor 
as obtained in the magnetic annealing has 
, been used. 

The values of A,/M and Kr/M obtained 
from non-magnetically annealed samples are 
somewhat larger than these obtained from 
magnetically annealed samples, but considering 
| the uncertainty due to the broadness and the 
_ em heat treatment, they seem to be 


rather in a good agreement. 

, It seems to be clear from these results that 
, secondary peaks observed in cobalt ferrite 
are due to the domains having different uni- 
axial axis induced by the magnetic annealing 
owing to spontaneous magnetization. 


§5. Discussions 


(1) Cubic magnetic anisotropy K,/M 

The origin of magnetic anisotropy of ferrite 
has been recently discussed from many points 
of view. Among these theories, the assump- 
tion that the anisotropy is due to that of the 
‘crystalline field acting on the ions under 
“question seems to be the most important in 


Mn- and Ni-ferrite. However, magnetic 
anisotropy of Co-ferrite has not been explained 
sufficiently. 


K, of cobalt-substitued magnetite was mea- 
sured by Bickford et al between 120°K and 
450°K. It was found that the total anisotropy 
‘of the cobalt-substituted magnetite is the 
additive effect of a contribution of the divalent 
cobalt ions superimposed on the anisotropy of 
magnetite itself and the contribution of the 
cobalt ions appears to be a linear function of 
concentration as long as the concentration is 
small. 

Slonczewski® gave one-ion model. Accord- 
ing to this model, cobalt ions occupying the 
octahedral sites of ferrite suffer from crystal 
electric field with trigonal symmetry and 
their spin couples to the axis through the 
spin-orbit coupling, so cubic anisotropy is 


produced on an average. 

Slonczewski succeeded in explaining Bick- 
ford’s results with his model. But his theory 
cannot be applied to the present cases, as the 
cobalt concentration is high in our experiment. 
Indeed, a formal calculation after Slonczewski’s 
model gives about 10 times larger anisotropy 
value than our experimental anisotropy at 
100°C. 

Tachiki“’” has suggested that for a high 
concentration of cobalt ions the effects of Fe?*, 
Fe*+, and Co?+ ions should be taken into 
account. Our results may be explained with 
one-ion model in his regard. The temperature 
dependence of anisotropy will give a useful 
aid for the validity of the theory. 

(2) Uniaxial magnetic anisotropy Kr/M 

On the origin of uniaxial magnetic anisotro- 
py induced by magnetic annealing, many 
theories based on following mechanisms has 
been presented. (1) Néel-type directional 
order between cobalt and iron ions“, (2) The 
directional order between cobalt ion and cation 
vacancy, (3) Interaction between cobalt ion 
and the nearest cation through spin-orbit 
coupling“, (4) The preferential growth of 
micro-precipitates of a second phase“). 

lida and Bickfard discussed these mechani- 
sms in detail and pointed out certain difficu- 
Ities involved in them. However, it has not 
been understood which of the second and the 
third mechanisms is likely to be correct. No 
decisive conclusion can be obtained from our 
results. 

From the facts obtained from the present 
experiment we shall consider the mechanism 
producing the uniaxial anisotropy. In magne- 
tic field at higher temperature cations and 
cation vacancies in iron-cobalt ferrite line up 
in such a way that the interaction energy of 
cobalt ions with surrounding ions through 
spin-orbit coupling becomes minimum. While 
the sample is being cooled the alignment of 


1468 


cations and vacancies are left as it was, so 
cobalt ion will be placed in a crystalline field 
whose symmetry is different from trigonal 
one due to averaged cations in octahedron 
site, which gives cubic anisotropy on an 
average, and will have uniaxial anisotropy 
parallel to magnetic field. 


(3) g factor 

It is assumed generally that g factor is 
insensitive to temperature. Indeed, almost 
all ferrites have g factor independent or slight- 
ly dependent on temperature and our result 
shows the same behaviour within limits of 
errors. However, g factor of cobalt ferrite 
obtained by Tannenwald shows large tempera- 
ture dependence. It seems reasonable that 
uniaxial magnetic anisotropy gives rise to an 
error for g factor, if only cubic anisotropy 
is taken into consideration. 


(4) Secondary peaks 

The secondary peaks observed in resonance 
absorption lines of iron-cobalt ferrite are di- 
scussed in the above section. It is worth 
while describing that if specimen has a large 
uniaxial anisotropy and has various domains 
even in an external magnetic field, subsidiary 
peaks owing to these domains must be con- 
sidered. Indeed the secondary peaks suggested 
by Artman would also exist in this case. 
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The process of recovery in cold-worked pure nickel was investigated 
by means of the initial magnetic susceptibility and the electrical resistance 
measurements. In our specimens, which were elongated by about 5 per- 
cent, the recovery of the initial magnetic susceptibility was observed 
above 450°C, and could not be observed below that temperature. The 
recovery in the temperature range of our investigation was expressed 
by logarithmic law, and analysed by Kuhlmann’s formulation, its activa- 
tion energy being 3.0ev. This value is in good agreement with the 
activation energy of self-diffusion in pure nickel. Therefore, it is con- 
sidered that the recovery of the initial magnetic susceptibility is due to 
the disappearance of dislocation in the stage of recrystallization 

On the other hand, the recovery below 450°C in which the change of 
initial magnetic susceptibility could not be observed was investigated by 
measuring the electrical resistance and the activation energy 0.91 ev was 
obtained. This value is in good agreement with the activation energy 
of vacancy migration. Therefore, it must be assumed that the disap- 
pearance of vacancy does not affect the initial magnetic susceptibility. 


attempted to explain the basic process in 


Since the cold-worked condition is themo- 
lynamically more unstable than the unstrained 
me, cold-worked metal undergoes spontaneous 
hanges to reduce the extra free energy which 
las gained from the work done on metal. 
[he processes which reduce the extra free 
mergy, that is, recovery, primary recrystal- 
ization, secondary recrystallization and grain 
‘rowth are distinguished one another in 
netallographic observation. Recovery is the 
yhenomenon in which cold-worked metal is 
oftened without recrystallization, and can not 
ve detected by conventional metallographic 
nethod, but detected by means of measure- 
nents of specific heat, mechanical hardness, 
jeld stress, electrical resistance and the line 
vidth of X-ray Debye-Scherrer line. In addi- 
ion to the above mentioned annealing process 
he phenomena which is called polygonization 
; found by Orowan and Chan’. It seems 
referable to regard this phenomenon as one 


f the process of recovery, but this is not the . 


yhole of recovery. This is shown by the fact 
hat the recovery occurs after laminar plastic 
ow in hexagonal crystals where there is no 
attice bending to provide the excess edge 
islocations of one sign needed for polygoniza- 
ion. Thus the mechanism in recovery is 
omplicated. In the past, many investigators 


recovery. Burgers?) suggested that this process 
was the annihilation of two dislocations of 
opposite signs in the same slip system, but he 
did not discuss how they annihilate one 
another when they are on different planes. 

Kuhlmann® considered that the recovery 
occurs by dislocations gliding in their slip 
planes over barriers with aid of thermal acti- 
vation, and developed a formal theory under 
the idea that the activation energy for reco- 
very is a decreasing function of mean internal 
stress in the material, and explained the 
logarithmic law of softening during recovery 
in the experiments of Kuhlmann, Masing and 
Raffelsieper*), Cottrell and Aytekin® and 
Borelius®. 

On the other hand, Mott” believed that the 
basic process is the climbing of dislocations 
out of their slip planes by the migration of 
vacancies, and formulated an expression of 
recovery. 

Thus, the details of recovery has not yet 
been clarified. In such an investigation it is 
needed to investigate by using the sensitive 
quantities to structural changes in material 
due to recovery. 

In ferromagnetic metals, a typical one of 
the structure-sensitive quantities in the initial 
magnetic susceptibility or the coercive force, 
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and these quantities can more precisely be 
measured than the mechanical hardness or the 
yield stress. Moreover it was qualitatively 
shown that the initial magnetic susceptibility 
and the coercive force were connected with 
the internal stress in materials by Becker 
and Kersten®, and these quantities were 
recently discussed in association with disloca- 
tion which was the origin of internal stress 
by Kersten”, Kneller? and Vicena!”. Then, 
in order to investigate the annealing process 
of metals, the initial magnetic susceptibility 
was used. 


§2. Specimen and Experimental Procedures 


The specimen in which the internal stress 
has predominant effect on the initial magnetic 
susceptibility must be selected for the purpose 
of the present investigation. The internal 
stress affects the initial magnetic susceptibility 
through the magnetostriction. Thus a metal 
whose magnetostriction constant is large must 
be selected. Among the pure metal nickel is 
adapted for the above conditions. 

Nickel wires which were of 1.2mm in 
diameter and 180 mm in length were prepared, 
and at first they were annealed in vacuum at 
1100°C during two hours. Then they were 
streched by 5 percent as uniformly as possible, 
and tempered at an appropriate temperature. 
And the changes of the initial magnetic 
susceptibility or the electrical resistance were 
measured as a function of tempering time. 

The initial magnetic susceptibilities were 
measured by means of ballistic galvanometer 
method, and the values of the initial magnetic 
susceptibilities were about 30 emu in annealed 
state and about 2emu in cold-worked state, 
respectively. 


§3. Experimental Results and Analysis 


Tempering temperatures were chosen at 
50°C interval from 300°C to 700°C, and at 
each temperature the relation of the initial 
magnetic susceptibility to the tempering time 
was shown in Fig. 1. The changes of the 
initial magnetic susceptibilities were not 
recognized at temperatures below 450°C, but 
clearly detected in tempering above 500°C. 
The time dependences of the initial magnetic 
susceptibilities were followed by logarithmic 
law for all temperature. Therefore, the 
author attempted to analyse this experimental 
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result according to Kuhlmann’s formulation*? 
The apparent activation energy for recover; 
is assumed to decrease linearly to interne 


stress as far as it is small: 

U(c)=U,— Bo 
where U, is the intrinsic activation energy 
U is the apparent activation energy, P is; 
constant for the range of stress chosen ané 
o is internal stress. The rate of recovery of 
internal stress is 


( 


On the other hand, the internal stress i: 
related approximately by the initial magnetis 
susceptibility x as follows; 


D 
c=, ( 
X 
where D is a function of the saturation 


magnetization and the magnetostriction con 
stant, and depends upon the mechanism tha 
the magnetization proceeds, or magnetic} 
domain distribution. As the saturation may 
gnetization 7; and the magnetostriction com} 


ing, D is approximately regarded as a constant 
which depends on ferromagnetic materials# 
From equation (1) and (2) 


[o9(-£22) oo (-§2. 2) 


where xy is the value of xy in ¢=0,i.e. just’ 
after cold-working. When one takes to 


iL 

kT U)—BD— 

w= C5 o| j a ; (3 
kT 


and reduces by 1/z values in t=0, 


=< 


i 
= |==B-A In (t-+4,), (4) 
X | Xo 
where hi 
BD | 
paPT ro, kT exe (Oy 
BD Cp BD 


Therefore, the recovery of the initial magnetic: 
susceptibility is expressed by the logarithmic: 
law, when #<¢, that is, 


(Ooh: 
— /—=B—Alnt. 
Seite ; © 


: Fig. 1. 


Now, from the inclinations of linear parts of 
he curves in Fig. 1 the values of A correspon- 
ing to each temperature are obtained. 
Vhen the values of A are plotted against 
‘solute temperature T, Fig. 2 is obtained, 
nd the curve is represented as the straight 
ine through the origin as follows: 


| A=6.26 x 10°T. 
‘rom the equations (5) and (7) 


DE ORS 
= =F 59° 10 =1.37 ev. 


further, considering B in equation (5), logari- 
hmic factor in the expression of B changes 
nly about 2% in the present temperature 
ange, so that it is approximately regarded 
s that first term of B is proportional to 
bsolute temperature J. The values of B 
vere determined by extrapolating the parts 
f the straight lines in Fig. 1, and finding the 
ntersecting points with longitudinal axis. And 
vhen these values are plotted against the 
bsolute temperature, B curve in Fig. 2 is 
btained and this curve is represented as 
ollowing straight line: 


(7) 


(8) 


B=2.19—1.32x10-*T (9) 
ombining equations (5) and (9) 
U oxo 
——=2.19. 10 
BD (10) 
rom equations (8) and (10) 
Up 30 eV. 


‘hus the activation energy for recovery of 
1e initial magnetic susceptibility is 3.0 ev. 
On the other hand, the recovery in the 
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Isothermal: recovery of the initial magnetic susceptibility of pure nickel. 


temperature range below 450°C which does 
not affect the initial magnetic susceptibility 
can be detected by measuring the change of 
the electrical resistance followed by isothermal 


8 
120 
“A 
ooel- 1,10 
A 
0.05 
0.04- oe 5 100 
yee 
0,03} wa 
oe 
Pas 
o.o2t Fa 0.90 
a \ 
0.01F U4 
are °K 


(9) 2 = n 1 L 1 bt 1 — 
O° 100 200. 30 400 500 600 700 800 900 1000 
Fig. 2. The dependence of parameter A and B on 


temperature. 
tempering. If the change of the electrical 
resistance is expressed by the following 
relation; 
Ro —R: ( t 
—_*_— =]1— exp({ —— 
Ry—Reo 4 ie 
or 
R;—Re t 
=-——, 11 
Ley aeons aD) 


where R,, R. and R; are the values of the 
electrical resistance in f=0, t=oo and t=t, 
respectively, and ¢ is an annealing time and 
ct is the relaxation time. 

Plotting the experimental values according 
to the equation (11), Fig. 3 is obtained. The 
relation between the relaxation time z and the 
activation energy U’ is expressed as follows: 
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We 
T=T) exp ee : (12) 
Therefore 
UW’ 
= — 13 
Int Intoton (13) 


The relaxation times are determined from the 
inclinations of the straight lines in Fig. 3 at 
various temperatures, and plotted against the 
inverse temperature. Fig. 4 shows this result. 
From Fig. 4 it is determined that 


U’=0.91 eV. 
10 t(min.) 15 x10 
T AG 
300°C 
350°C 
380°C 


400°C 


Fig. 3. Isothermal recovery of electrical resis- 
tivity. 
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Fig. '. The dependence of the relaxation time of 
recovery in electrical resistance on temperature. 


§4. Discussion 


In order to investigate the annealing kine- 
tics. Boas’) measured the changes in internal 
energy, electrical resistivity, density and 
hardness which occur during the annealing of 
nickel deformed at room temperature, Accord- 


ing to his result, the energy stored durin , 
deformation is released in three stages andj 
the change in internal energy has two distincti}, 
peaks. The first stage is accompanied with) 
the decrease in electrical resistivity, but anyy 
reduction in hardness does not occur. The? 
second stage occurs over a temperature range 
where there are only a slight decrease in) 
hardness and electrical resistivity. The third 
stage is associated with a large and sudden 
decreases in hardness and electrical resistivity.: 

He has explained the origins of the first, 
the second and the third stages as being due 
to the disappearance of vacancies, the rear- 
rangement of dislocations into configurations; 
with lower energy and the disappearance oi! 
dislocations during recrystallization, respect:-- 
vely. His experiment shows that the activa-: 
tion energy for the first stage is 1.0eV and 
it is in good agreement in order of magnitude? 
with the results of the experiments in quench- - 
ed or neutron irradiated pure nickel. 

The results obtained in the present work: 
at the temperature range below 400°C show 
that the activation energy for recovery in) 
this range is about 0.9eV, and the change of’ 
the initial magnetic susceptibility has not been} 
recognized. Since the magnetic properties are \ 
of volume-effect, and the internal strain caused | 
by the vacancy in material is considered as} 
of short-range, it is not unreasonable to assume: 
that the disappearance of vacancies shows no) 
effect on the initial magnetic susceptibility. 
Furthermore, this activation energy, 0.9 eV, 
agrees with the result by Boas” and it is, 
concluded that the origin of recovery at the: 
temperature range below 400°C is the disap- 
pearance of excess vacancies created into: 
material by cold-working. While it seems 
that the change of the electrical resistance is 
described at least in one simple vacancy 
mechanism below 400°C, the critical tempera- 
ture in which the another mechanism is 
superposed on it is not clearly determined. 

Recently, the effect of quenching vacancy 
on the magnetization in earth magnetic field 
was studied by Takamura and Nakamura), 
and they explained that the climbing of 
dislocations following the vacancy migration 
to dislocations affects the magnetization in 
earth magnetic field. However, the defects 
which are created on quenching are a large 
number of vacancies and smail amounts of 


; 


I. 


) 


| 


, temperature are not appropriate. 


1960) 


dislocations, and if these vacancies diffuse 


towards the dislocations and the dislocations 


climb out of their slip planes at room tempera- 
ture, a sufficient number of jogs must be 


always present. The climbing of the disloca- 
tion without jog needs a large activation 


-energy in nickel having half-dislocation and 
-will hardly occur. 
jogs will be created only by the motion of 


A sufficient number of 


dislocations through the forest of screw dislo- 
cations. In their quenching experiments, 
therefore, the number of jogs will not be 


sufficiently much, and the rate of climbing of 


the dislocation should be greatly reduced as 
compared with the case in which a sufficient 
number of jogs is present, and the activation 


-energy of climbing should. be equal to that of 


self-diffusion. From these view points, it 
seems that their explanations of the results 
in their experiments which were done in room 
However, 


as the diffusion of vacancy and the climbing 


of dislocation depend on the purity of speci- 
men, in order to conclude the problem, more 
detail experiments on the specimens having 
various purities are desirable to be attempted. 

On the other hand, the result at the tem- 


perature range above 450°C shows the rema- 


in material according to the equation (2). 


rkable increases of the initial magnetic 


susceptibility which depends on internal stress 
The 
decrease of internal stress following annealing 


will be caused by the disappearance or the 


rearrangement of dislocations which were 
created by cold-working. The activation 
energy obtained in the present work at high 
temperature is 3.0eV, and this is in good 
agreement with the activation energy of self- 
diffusion in pure nickel which Seeger’? has 
obtained. This energy is also nearly equal to 


_the activation energy for the steady-state creep 


at high temperature which is explained by the 
climbing of dislocations, wnich is promoted 
by self-diffusion. According to Kersten”, the 
initial magnetic susceptibility is inversely 
proportional to square root of dislocation 
density and Vicena!” has been suggested that 
the coercive force of pure bulk ferromagnetics 
is proportional to square root of dislocation 
density. In the former regular arrangement 
of dislocations, in the latter statistical distri- 
bution of dislocations were assumed, respecti- 
vely. Moreover, according to Seeger the 
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flow stress in the case in which the disloca- 
tions are distributed at random is given by 
the equation, s=abGi/n, where n, b, G and 
a are the number of dislocations in unit area, 
Burger’s vector, shear modulus and constant 
which depens on the arrangement of disloca- 
tions, respectively. From the above mentioned 
results, it is concluded that the decrease of 
the number of dislocations which is caused by 
self-diffusion plays an important role in the 
increase of the initial magnetic susceptibility. 
The dependence of the initial magnetic sus- 
ceptibility on the rearrangement of dislocations 
is not clear. 

The apparent activation energy of recovery 
of the initial magnetic susceptibility at high 
temperature, U»s—foo, depends on the degree 
of cold-working. In the present work, this 
activation energy is evaluated from Fig. 5, 


100;- 


to(min.) 


10 


Wir sior 

1 — 
1.0 ll 2 1.3 

Fig. 5. The dependence of t) on temperature. 


which is drawn according to the equation (3), 
and 
Uo — Boo= 43.6 kcal/mol. (14) 


Hence, Boo=25.4kcal/mol. The apparent acti- 
vation energy which is shown in equation 
(14) must be distiguished from the activation 
energy of recovery of the electrical resistance 
at low temperature, since in the present 
degree of cold-working Boo is 25.4 kcal/mol 
and the apparent activation energy at ¢=0 is 
43.6 kcal/mol and is greater than the activation 
energy of vacancy migration. If the degree 
of cold-working is more high, in other words, 
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if Boo is more large, the apparent activation 
energy become less and the recovery of the 
initial magnetic susceptibility will be found 
at lower temperature than the present case. 

The change of the electrical resistance in 
high temperature region was not measured. 
But it is expected that both mechanism of 
the disappearance of dislocations and vacancies 
will be superposed. 


(OF 


\ 
‘. 


\ 


kcal/ mol 


60 


Activation Energy 


Apparent 


40 


=a ee 
O, 


rae 
° 


EVAR 
Xo 


Fig. 6. The dependence of the apparent activation 


energy on — ok, 
x/ Xo 
When the apparent activation energy, 


pa ee is plotted against a oS 


fig, 6 is ibaa This result shows fase "8 
is a constant for the range of stress chosen, 
as one assumed in equation (1). The evalua- 
tion of @ is difficult, unless o is measured 
directly, because D depends on the magnetic 
domain distribution and the mechanism of 
magnetization in weak magnetic field and can 
not be precisely determined. 


§5. 


The recovery of the initial magnetic suscep- 
tibility was followed by logarithmic law at all 
temperatures, and it was analysed by Ku- 
hlmann’s formulation. Its activation energy 
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was 3.0eV and agreed with that of self-dif-_ 
fusion in pure nickel. It is concluded that the 
mechanism of recovery of the initial magnetic _ 
susceptibility is disappearance of dislocations 
followed by climbing of dislocations through 
the self-diffusion and it corresponds to the 
stage of recrystallization. 

The recovery in the region where the change 
of the initial magnetic susceptibility could 
not be found was investigated by the mea- 
surement of electrical resistance, and the 
activation energy was estimated to be 0.9 ev. 
This activation energy agrees with that of 
vacancy migration. Hence, it is concluded 
that the recovery at low temperature is caused 
by the disappearance of excess vacancies. 
It is noted that the structure-sensitive 
magnetic properties are successfully adopted 
for the investigation of the recovery. 

The author wishes to express his sincere 
thanks to Professor S. Miyahara and Profes- 
sor S. Kéda for valuable advice and discussion 
throughout the course of the present study. 
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The measurements of the EPR of Mn2+ ions as dilute, substitutional 
impurities in the single crystals of KMgF;, KCdF;, KCaF;, K,MgF, and 


| NaMgF; were made. 


ions. 


An X-ray examination revealed that divalent metal 
ions in these crystals were surrounded by an octahedron of six fluorine 
The F19 “super-hfs” superimposed on the usual hfs of Mn55 has 
been observed. The dependence of the F!® hf interaction constant (As) 


: upon the Mn2+-F- distance has been noticed and discussed. The A, in 
KMnF; has been estimated to be somewhat smaller than 16.7x10-4cm-!, 


iL. Introduction 

| Since Griffiths and Owen” observed the 
yper fine structure (hfs) due to the nuclear 
pins of neighboring anions in the electron 
aramagnetic resonance (EPR) of Ir ions in 
ne alkali chloroplatinates, the so-called “super- 
fs” has been observed in a few fluorides?)—® 
nd found to be very powerful tool, together 
7ith the shift in the NMR®, in investigating 
he electronic state of magnetic electrons in 
rimarily ionic crystals. 

On the other hand, the strong magnetic 
jteraction in an antiferromagnetic or ferri- 
qagnetic compound of ionic nature has been 
xplained by the superexchange interaction” 
thich result from a departure from a purely 
mic state, due to partial covalency and over- 
ipping with neighboring ions. Therefore, 
he observation of the super-hfs will also offer 
n important information to understand the 
uperexchange interaction. 

In the EPR experiment of Mn:ZnF2, Tink- 
am”) found a rather large difference in two 
“9 hf interaction constants which correspond 
> two types of Mn-F pairs with slightly dif- 
arent separations. Although a recent re- 
xamination®) has diminished the difference, 
ae dependence of the F!° hfs upon the Mn- 
‘ distance should be studied in order to know 
1e F'® hf interaction constant in a dense, 
lagnetic crystal and compare the EPR data 
ith the NMR data. 

In connection with the antiferromagnetism 
bserved in KMnF;®, an EPR experiment of 
1e Mn2+ ions diluted in many compounds as 
yssible which have a similar anion environ- 


ment to KMnF; was intended. The present 
paper reports the EPR experiment of Mn?+ 
ions in the single crystals of KMgF;, KCdF;, 
KCaF;, K:MgF, and NaMgF;. Although the 
result of Mn?+:KMgF; has been reported 
briefly”, it is included in this paper for the 
detailed account and a slight correction. 


§2. Preparation of Crystals 


The compounds such as KMgF;, K:MgF,, 
KCdF;, KCaF; and NaMgF; have been hither- 
to prepared by several ways; by precipitating 
from aqueous solutions, by a direct fusion of 
RF and MF:, or by the reaction MO+3RF—> 
RMF;+R20 (where R is K or Na and M is 
Mg, Cd or Ca). 

In the present study, a flux method was 
tried and found to be suitable to get the 
single crystals being sufficiently large for our 
purpose. To prepare the KMF;, anhydrous 
MCl; and 3KHF: were heated up to melt in 
a platinum crucible in the air and cooled 
slowly at the rate of about 50°~20°C per 
hour. They melted above ca. 850°C and the 
reaction MCl.+3KHF.,— KMF;+2KC1+3HF 7 
occurred. On cooling, the compound KMF; 
precipitated in the flux KCl. After the flux 
was washed out by water, single crystals of 
cubic shape with surfaces parallel to {100} 
planes were obtained. The crystal K:2MgFy 
was prepared from MgCk and 4KHF, at first. 
After a few trials, an addition of excess KHF, 
was found to be useful to prevent a growing 
of the mixed crystal of KMgF; and K:MgF, 
which had grown frequently when the exact 
1 to 4 ratio of mixing had been used. The 
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single crystal of NaMgFs was obtained in a 
similar way using NaHF, instead of KHF:2. 
The largest single crystal obtained was that 
of KMgF; with a dimension 12x 107mm‘. 
It was rather difficult to grow up the single 
crystals of KCdF; and KCaF3;. A long time 
and a slow cooling rate of about 20°C per 
hour were necessary to get a single crystal 
of 3x3x2mm*. 

For the purpose of EPR study, manganese 
ions were solved in the above crystals by 
adding the anhydrous MnCl, in about 0.1% 
molar concentration to the starting mixture, 
but the intensity of EPR spectrum suggested 
that about one tenth of added manganese 
ions had solved into the single crystals. The 
pink color of the KCl flux showed that the 
rest of manganese ions remained as solved in 
KCI. 
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§3. X-ray Examination 


There have been many studies of the crystal || 
structure of the above mentioned compounds, | 
but some are contradictory to others. For’ 
example, cubic perovskite and monoclinic t 
structures are reported for KMgF;. Because: 
of this confusion, all crystals used in the} 
EPR experiment were examined by X-ray/ 
measurements through Debye-Scherrer and! 
rotating crystal methods. In contrary to the: 
lower symmetry reported earlier, our speci-. 
mens of KMgF:, KCdF; and KCaF; had a. 
perfectly cubic symmetry. The width of dif- 
fraction lines was very narrow, less than 0.15) 
degree in 20. The discrepancy in crysta’ 
symmetry is possibly due not to the error in- 
measurement but to the crystals themselves | 
prepared in different ways. The data of our 
examination are listed in Table I. 


Table I. 

Compound Crystal structure and lattice constant M2+-F- distance | Structures reported hitherto 
KMgF; | Cubic (perovskite-like) a=3.987+ .001A 1.9944 Cubic@>»,¢,4,e), monoclinicf-®) 
KCdF; | » ” a=4,334+ .001A 2.167A Cubic), pseudo-cubici) 
KCaF3 ” ” a=4.375+ .001A 2.188A Pseudo-cubic™, monoclinic 
K,MgF, Tetragonal, Dy,-17 a=3.982+.002A 

c=13.145+ .005A 1.991A Tetragonal®, D4,-17) 

NaMgF; | Orthorhombic a=5.485A, b=7.678A 

c=5.356A all in +0.005A — Tetragonal) 
a) H. A. Klassens, P. Zalm and F. O. Huysman: Philips Res. Rep. 8 (1953) 441. 
b) R. C. DeVries and R. Roy: J. Amer. Chem. Soc. 75 (1953) 2479. 
c) H. Remy and W. Seeman: Rec. trav. Chim. Pays-Bas 59 (1940) 516. 
d) A. E. Van Arkel: Physica 5 (1925) 162. 
e) H. Remy and F. Hansen: Z. anorg. allg. Chem. 283 (1956) 277. 
f) W. L. W. Ludekens and A. J. E. Welch: Acta Cryst. 5 (1952) 841. 
8) St. v. Naray-Szabo: Publ. Univ. Tech. Sci. Bp. 1 (1947) 36. 
h) C. Brici: Ann. Chim. (Rome) 42 (1952) 356. 


i) 
j) B. Brehler and H. G. F. Winkler: 

The rotating crystal photograph revealed 
that the most probable space group of NaMgF; 
was D2,-16, though the lower symmetry was 
not impossible. This orthorhombic lattice can 
be regarded as a distorted perovskite-like 
structure. The relation is shown in Fig. 1 
together with the crystal structure of KzMgF.. 


§4. EPR Experiment 


The EPR experiment was carried out by a 
standard X-band (~0.3cm-) spectrometer 
with a cavity of reflection type. A technique 
of magnetic modulation of small field (about 


R. L. Martin, R. S. Nyholm and N. C. Stephenson: 
Heidelberger Beitr. Mineral. u. Petrog. 4 (1956) 6. 


Chemistry and Industry (1956) 83. 


2~3 Oe.) and phase sensitive detection was 
used. A derivative of absorption was there- 
fore recorded. The measurement was made 
at room temperature and at 77°K. 

Divalent metal ions in the compounds KMF; 
having a cubic perovskite structure occupy 
only one crystallographic site (1b) which is 
surrounded by six fluorine ions at the corners 
of an octahedron. All manganese ions which 
were substituted for the divalent metal ions 
are therefore expected to show an equivalent 
spectrum. 

The ground state of the Mn*+ ion, 3d5 °S 


Sil 
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(a) (b) (c) 
Fig. l(a). A cubic perovskite structure. (b) The crystal structure of KzMgF,, D,,-16. (c) The 


relation between an orthorhombic unit cell (ao, bo, co) and a distorted perovskite-like (mono- 
clinic) pseuao-cell (a=c, b, P). 


in a crystalline field of cubic symmetry is described in a good approximation by the spin 
Hamiltonian: 


LE =gbS:H+ A*S-I+(a/6)[Szt + Sy + Se4—(1/5)S(S+1)3S?+3S—1)] , (1) 


where S and J are both 5/2, A® is the hf interaction constant of a divalent Mn* ion, @ the 
cubic crystalline field splitting parameter, and g and A® are assumed to be isotropic. The 
resonance field, H,, can be deduced! from (1) in an approximation in first order of @ and 
‘second order of A’; 


gBH,=hy— A*mr1—[(A*®*)?/2hyo [T+ )—mr?+m(2M—1)]+F(@ , (@25) 
where 


0 (for M=+1/2< —1/2 transition) 
F(a)=3 +(5/2)pa (for M=+3/2< +1/2 transitions) 
2pa (for M=+5/2< +3/2 transitions) , 


p=1-5(2m?+min? +n) , 


and J, m and n are direction cosines of the external magnetic field with respect to the cubic 


axes of crystal. 

In addition, there will be an interaction between an electron spin of a manganese ion and 
nuclear spins of six fluorine ions in its neighboring lattice sites. A theory of this interaction 
has been given by Tinkham'” and its modification by Clogston et al.» for Mn:ZnF:. 


The interaction Hamiltonian is, 


2" =abrbn S| — Sey ey SNe TD) 4 Ee rds, | (3) 


a,J ris? Vij 


where rij is the electron-nucleus distance and orbital wave function of magnetic electron, 
i is summed over electrons and j over neigh- one can get an effective spin Hamiltonian. 
boring six fluorine nuclei. Tinkham!”) has chosen the molecular orbitals 


By taking an expectation value with the used by Stevens and Owen" for the wave 
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function of magnetic electron, and Clogston 
et al.» have moreover taken into account of 
the electron transfer effect. The spin Hamil- 
tonian can be written in the from, 


A= 3 cones al Onn (4) 


The above theories were originally given for 
an orthorhombic symmetry. In our case of 
a cubic symmetry, the treatment can be 
simplified and the shift of the resonance field 
due to (4) is given by 

OH=As “. m;+(Ap+ Ap) x m(3 cos? 8;—1) , 


(5) 
where mj=+(1/2) or —(1/2), 6; is the angle 
between the external magnetic field and the 
o-bonding axis to the j-th fluorine ion, As is 
a contribution from the admixed fluorine 2s 
orbital, Ap a dipole contribution from the 
original 3d electrons, and A» a contribution 
from the admixed fluorine 2p orbital and is 
equal to (Aps— Anz). Since the two pz orbit- 
als are equivalent to each other in the case 
of cubic symmetry, the term (Apz—Apz) 
vanishes. Clogston et al. have pointed out 
the possibility of the 4m==+1 transition, but 
this anomalous transition has not been found 
in our spectra. 


a) Mn:KMgF; 

All observed spectra consisted of six groups, 
each corresponding to a hfs component of 
Mn**. Thus, hf interaction constant <A®® 
was immediately determined using (2). How- 
ever, the observed spectra were resolved not 
completely into the expected components. 
This is because @ and A'’s are comparable 
in magnitude and so F'® hfs components of 
neighboring fs components overlap each other. 

When A\\[111], the splittings due to F!® hf 
interaction should be simplest, but the resolu- 
tion was not complete. Analysis was there- 
fore made by trial and error. In spite of the 
incomplete resolution of each component, 
overall pattern of the spectrum was sensitive 
to a and As. The calculated spectra with 
a=8~9.5 Gauss and As=19~20 Gauss resem- 
bled closely to the observed spectrum. After 
the approximate values of parameters had 
thus been known, the more accurate values 
could be determined by some particular com- 
ponents. For example, the m;=—3/2 hfs 
component in the A\\[110] spectrum was ex- 
pected to have a very small splittings due to 
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fs. The best resolution of F'* hfs was there- 
fore expected in this spectrum and really ob- 
served as shown in Fig. 2. 


pp 
100 G 


Fig. 2. The observed and calculated F!9 hfs’ in 
the mr=—2/3 hfs component in the EPR of 
Mn?+:KMgF; with H]|\[110]. 


b) Mn:KCdF; and Mn:KCaFs 

In contrast to Mn:KMgF;, the spectra of 
Mn?+ in KCdFs; and KCaF; has somewhat 
simpler patterns which were expected from 
(2) and (5) neglecting the crystalline field term 
in (2). The resolved spectral lines were how- 
ever broader than those of Mn:KMegFs; their 
width being 5~10 Gauss. This is probably 
because a is so small that the fs components 
are not resolved. The upper bound of @ was 
estimated from the width. The parameters 
other than a@ could be determined directly 
from the separations. 

C) Mn:K:MgF, 

As shown in Fig. 1, Mg ions in KzMgF, 
have very similar environment and nearly 
the same Mg-F separation to that of KMgFs. 
The observed spectrum was also very similar. 
d) Mn:NaMgF; 

The crystal NaMgF; contains four molecules 
in unit cell, so four sets of spectra may be 
in general expected. However, the observed 
spectra had simple patterns just as seen in 
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g-factors, hf interaction constant A®’s, cubic crystalline field splitting parameter a’s 


38 F'9 hf interaction constants A,’s and (Ap+Ap)’s of Mn2+ ions in KMgF;, KCdF3, KCaF;, 
aMgF, and NaMgF;. The unit of all parameters other than g is 10-4cm~-1, Experimentally, 


only the relative signs were determined; A®/a<0 and (Ap+Ap)/As>0. The negative A55 


and positive @ are now commonly accepted. 


Compound g Ass a |As| |Apt+Ap| 
KMgF; 2.000+ .002 —91.2+0.9 8.0+1.0 18.1+0.7 4,240.5 
KCdF, 2.002+ .002 —92.6+0.9 Z4.0 15.8+0.5 2.9+0.5 
KCaF; 2.002+ .002 —93.1+0.9 ZA.0 15.5+0.5 2384-025 
K,MgF, 2.000+ .002 —91.5+0.9 8.0+1.0 18.2+0.7 4.2+0.5 
NaMgF; 2.001 + .002 —92.5+1.5 -_—— 18.1+41.0 3.0755 


the cases of Mn:KCdF; and KCaF;, although 
the broader line suggested the unresolved 
splitting due to the four inequivalent Mn?+ 
ions. Since the resolution was poor and the 
exact atomic arrangement had not been 
known, the spectrum was analysed for con- 
venience by assuming a pseudo-cubic struc- 
ture. The values of parameters are therefore 
less reliable. 

All of the parameters thus determined are 
summarized in Table II. 


$5. Discussion 


a) gand A® 

It has been known that g-factor and hf 
interaction constant are somewhat sensitive 
to the electronic state of the magnetic elec- 
tron. When there is some covalency, mag- 
netic electron moves in a somewhat extended 
_ orbital. This reduces the electron density 
near its nucleus and so the magnitude of hf 
interaction constant. The g-factor is also af- 
fected by the change of orbital state. How- 
ever, if there is no orbital contribution to the 
total angular momentum as is the case for 
the ground state of Mn’+, 3d° °S, g-factor 
will not change as far as the covalency does 
- not disturb the °S state. 

In the crystals studied in our experiment, 
divalent metal ions have environments of the 
same symmetry but different separations, ex- 
cept NaMgF;. At larger separation, the elec- 
tronic state of metal ion should be closer to 
the state of a free ion and so the A® will 
increase in magnitude. On the other hand, 
no change of the multiplicity °S may be ex- 
pected for the ions with environments of the 
same symmetry. Therefore, the g-factor will 
be expected to be constant. Except the case 
of Mn:NaMgF: where the atomic arrangement 


and interatomic distances have not been 
known, the observed g’s and A®’s are in 
good accordance with the expected tendency, 
though a slight difference in g’s is found 
within the experimental error. The electron 
transfer effect?) which mixes an excited 
non-°S state into the ground state, may possi- 
bly account for this difference. 


b) Cubic crystalline field splitting parameter a 

A cubic crystalline field parameter Dg is 
proportional to the inverse fifth power of the 
interatomic distance FR. According to the 
Watanabe’s theory", a cubic crystalline field 
splitting parameter a@ depends upon Dg as 
a=(Dq)?(8.526+0.102(Dq)? x 10-*) x 10-19 cm-!. 
If the small second term is neglected, a is 
proportional to R-!°. Using the values of R 
listed in Table I, one finds that a(KCdF;)/ 
a(KMgF;)=0.45 and a(KCaFs)/a(KMgFs)=0.41. 
This is consistent with the observed ratios; 
a(KCdFs)/a(KMgF;)<0.50 and a(KCaFs;)/ 
a(KMgF;) £0.50. 
c) F'® hf interaction constants 

To separate the p-electron contribution A» 
from the observed (Apy+Ap), the contribution 
from direct dipole-dipole interaction A» must 
be subtracted. For that purpose, certain as- 
sumptions concerning the inter-ion separation 
and the distribution of magnetization must 
be made. If one assumes that the bond 
length for Mn?+ ion is equal to the metal- 
fluorine distance, R, of the host lattice and 
that all the Mn?+ spin magnetization is con- 
tained in a sphere of radius r<R, then An= 
3.2, 2.5 and 2.4x10-cm™ for Mn?* ions in 
KMgF;, KCdFs and KCaF; respectively. Thus 
obtained A,’s (1.0, 0.4 and 0.4 10-*cm™) 
show a large dependence upon the inter-ion 
separation, but their accuracy is not so high 


1480 


that we shall not discuss them and confine 
ourselves to the s-electron contribution As. 

To see the dependence of As upon the 
Mn?+-F- distance, the experimental values in 
this work are plotted against R in Fig. 3 to- 
gether with the EPR datum of Mn:ZnF;* 
and the NMR data of MnF2® and KMnF;". 

Here, it must be emphasized that RF in Fig. 
3 is the metal-fluorine distance of the host 
lattice. In the EPR experiment, Mn? ion is 
diluted in the host lattice as a substitutional 
impurity. The true Mn?+-F- distance is there- 
fore possible to be different from R. Although 
the same valency and close ionic radius hardly 
suggest a large distortion of the surrounding 
fluorine ions, the exact Mn?+-F- distance can- 
not be known at present. 


As (10 cm) 
19 
Mn:kK 
ie ali Mn: KMgFs 


; Mn:KCdF3 


Fig. 3. As’s plotted against R. The R’s for 
ZnF, and MnF, are taken from Bauer'®). 


Apart from this question, an appreciable 
variation of the As;’s is seen in Fig. 3. It is 
interesting that the experimental points can 
be fitted on a curve which concaves to the 
R axis rather than a linear line. As Keffer 
et al. and Clogston et al.® have discussed, 
the As is proportional to (Ss;+As)? where Ss is 
the overlap integral between a manganese 3d 
wave function and a fluorine 2s wave func- 
tion and As is the fraction of the transferred 
electron from the fluorine 2s orbital to the 
manganese orbital. The wave functions may 
be expressed by the exponential functions at 
an outer part of orbital. The Ss may also 
have an exponential-like dependence upon R. 
Though it is difficult to know the dependence 
and the magnitude of 4s, Keffer ef al. have 
estimated Ss and ds to be 0.05 and 0.01 re- 
spectively for MnF2. Because of the relative 
smallness of 4s, As may be supposed to have 
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an exponential-like dependence. This situa 
tion explains qualitatively the observed 
behavior of As. It is desired that the “ first- 
principles” calculation as have been done by 
Mukherji and Das!” will be carried out at 
more wide range of interionic separation. 

Shulman et al.) have made the NMR 
measurement of F'® in KMnF; and determined 
As to be 15.5x10-*cm-!. The Mn?*+-F- dis- 
tance in KMnF; is a half of the lattice con- 
stant, d@=4.186A®*), and lies among the metal- 
fluorine distances in the crystals studied in 
the present experiment. Therefore, in spite 
of the ambiguity of the Mn’®+-F- distances in 
the host lattices, it can be safely said from 
our EPR data that the As in the dense, mag- 
netic crystal KMnF; lies between 15.5 and 
18.2x10-‘cm-'. If a linear interpolation is 
made, the As; is 16.7x10-‘cm7~!, but it will 
be somewhat close to 15.5x10-*cm™! by 
reason of the above discussed dependence of As 
upon R, in agreement with the value obtained 
from NMR with in the the experimental error. 

In conclusion, magnetic electrons of the 
Mn?+ ion surrounded by a complete octahedron 
of fluorine ions with the bond length of 1.99 
~2.19A have 0.58~0.49% 2s character at each 
Mn?+-F- bond, or (Ss+4As)? in Keffer’s notation 
is 0.58~0.49 x 10-?. 


§6. Summary 

1) The Mn?+ ions as dilute, substitutional 
impurities in KMgF;, KCdF;, KCaF; and 
K:MgF, surrounded by a complete octahedron 
of six fluorine ions and that in NaMgF; by a 
nearly complete octahedron. 

2) The g-factors are constant and A*’s in- 
crease slightly in magnitude with increasing 
Mn?+-F- distance, in accordance with the 
theoretically expected tendency. 

3) The F'* hf interaction constant As; has 
shown an appreciable dependence upon Mn?+- 
F- distance. It should be taken care of this 
dependence when one deduces the value of 
F'* hf interaction constant in a dense, mag- 
netic crystal from the EPR data of the para- 
magnetic ion diluted in the host isomorphic 
diamagnetic crystal. When the dependence 
is taken into account, both the As’s obtained 
from EPR and NMR measurements are in 
rather good agreement with each other. 
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The Dipole Moment and End-to-end Length of the Isotactic 
Vinyl Polymer, I. Mutual Dependence between 
Dipole Moment and End-to-end Length 


By Tsugio Mori 
Otsu Senior High School, Otsu, Shiga-ken, Japan | 
(Received March 28, 1960) 1 


The formulas for the mean-squared dipole moment and end-to-end . 
length of the isotactic vinyl polymer are derived. The polymer model 
used in these derivations is similar to Lifson’s one!), but the dependence 
of these mean-squared quantities on molecular weight of the polymer is 
considered in the present calculations. The two mean-squared quantities, 
dipole moment and end-to-end length, are not independent of each other, 
and it is pointed out that they are connected by a simple expression. 
On the other hand, the present treatment is useful to see the corrected 
Staudinger’s viscosity rule from a new point of view. 


§1. Fundamental Notations axis. Here we denote the rotation angle of! 

The linear polymer discussed in this paper /-1 by gj, and put g;=0 when bj-s and bj) 
is the polar isotactic vinyl-type one, and is form the trans type connection holding b;-2) 
treated in state of an infinitely diluted solu. between them. Next we define the system) 


tion. The molecular formula of this polymer 
is (CH:—CHR),pCH:2, where R is a dipolar sub- H 


H H H 
stituent. The number of skeletal carbon ~ 
atoms is / o 
N=2n+1, (1) 
and we designate these carbon atoms by 
Ci, C., SE SREY Con+1 C, NX 


successively from one end of the skeletal 
chain. The bond vector from Cx to Cx+1 is 
denoted by bx, and lengths of vectors 

b1, be, EH, ben H 
are assumed to be all equal to do. The elec- 
tric dipole moment vector of the side chain 


Ce:—R:x is denoted by gui, and lengths of vec- 
tors 


fit, fla, 8%) pln 
are assumed to be all equal to 4. The above 
polymer model and notations are shown in 
Pig. i. 

Four bonds meeting at a skeletal carbon atom 
construct a set of tetrahedral angles, which 
are assumed to undergo no change through 
internal rotation of the chain. 

Then we discuss the internal rotation of the H Rasy H R n 
skeletal chain. The angle of two adjoining 
bond vectors is denoted by 7, which is a 
constant and equal to the supplement of the of unit vectors i;, j;, kj; attached to the car- 
bond angle. The vector bj-1 may be con- bon atom C; according to the following 
sidered to rotate regarding b;-2 as a fixed scheme. In the first place, we set k; in the 


Fig. 1. Isotactic vinyl polymer. 
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same direction as bj-1. Next, let us consider 
“wo projected lines both of which start from 
23 on the plane determined by three points 
vj-2, Cj-1, C; and are prependicular to k;. 
The one of those two projected lines should 
ntersect the vector b;-2 or its extension, and 
‘his projection defines the direction of ij. 
wast of all, j; is introduced in order to obtain 
he right-handed orthogonal system formed 
d 13, Js, kj. These notations are illustrated 
in Fig. 2. 


{ 
. 


Internal rotation of skeletal chain. 


igs o2e 


_ According to the above discussion, we may 
consider two sets of components of a vector, 
iamely, components xj, yj, z; in the directions 
of iy, Js, ks respectively, and %j-1, yy-1, 25-1 
n the directions of ij-1, Jj-1, kj-1 respectively. 
Then we have 
Kili t+yiJptegkj =x ij 1+¥5 iSg tes ik; ties 
(2) 
We denote the matrix which transforms %;, 
i, Zi INCONAY =I T= ty 24 =1 by D3: 


Xj-1 xj 
Vite f= Vi | Vs- fos 
Aj-1 Bj 


Let us put, for convenience’ sake, 

B=sin7 , 

ind define the matrix D or D(g) by 
—acos¢ 


sing f$8cos¢ 
p=Die)=(—asing —cosg sing }, 
B 0 a 


(3) 


(4) 


L=LOS 7, 


(5) 
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then the matrix D; in Equation (3) is given 
by 


Dj=D(¢)) . (6) 
The matrix D has the following natures: 


(1) D is an orthogonal transformation, 
namely 


D'(¢)D(g)=1, er) 
where D’(¢) is the transposed matrix of D(¢), 
and 1 is the unit: matrix. 

(11) The skeletal chain extended to the 
zig-zag style on a plane is considered as the 
repetition of trans type connections, namely, 
parallel bond vectors repeate every two ones 
is such planar chain. Accordingly we have 


[DO)P=1. (8) 


(ili) In the crystalline state, the skeletal 
chain is composed of the alternating trans and 
gauche type connections. Let us consider 
the unit chain CH.—CHR being a segment, 
then three segments complete one period of 
the chain. Then we have 


[D2z/3)DO)}*=1 . (3) 
It is remarked that Eq. (9) is a special case 
of 
[D(2z/k)D(0)|*¥=1 , 
where & is an integer. 
Although the above natures (i)~(iii) of the 
matrix D are self-evident, some authors have 


given no care upon the confermation test of 
Eqs. (7)~(9), and used incorrect matrices. 


(10) 


§2. General Formulas for Mean Square of 
Electric Dipole Moment 


The electric dipole moment vector of the 
polymer, denoted by yp, is given by 
paHpit patos rp . (11) 
Then the square of the absolute value of uz 
is given by 


Wy n 
ya(At —= D>) Cos wiz \nL0” , 
VW t<t 


(12) 


where wi; signifies the angle between gs and 
ys, and the double summation is taken for 7- 
and j-values given by 


Pea We 
and 
j=2, 3, +++, 
but i<j. If we take the mean of 4’, Eq. (12) 


is replaced by 
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(uty =(14 2 SS Coos ovs>) nae Pr th ie) 
Wb 4<J 
where the notation <cos wis> signifies the mean 
of cos wi; for all configurations of the polymer 
chain in an infinitely diluted solution. 
In order to estimate <cos @ij>, we assume 
that our polymer chain is most stable in the 
crystalline configuration illustrated in Fig. 3 


Fig. 3. Crystalline configuration of skeletal chain. 


which is composed of the alternating trans 
and gauche type connections. Of course, the 
configuration of the polymer chain deviates 
from this stable one through the internal 
rotation, and cos wij is given by 


cos o=(OODD"( exes = 3p )DasesDacs we 


2a 0 
+ Dss-DeD( 9254 = a) Ov (14) 


1 


where the notations D(¢2j54:—27/3) and Dz; 
designate respectively the substitutions of 
9=$2511—2n/3 and y=¢25 in D(¢) defined by 
(5), and other notations in (14) may also be 
understood in the similar way. In order to 
take the mean of (14), we put the second 
assumption that the rotations of segments as 
a whole are independent of each other, but 
in a segment there is a correlation between 
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rotations of two bond vectors. A similar as4 
sumption has been attempted by Lifson”. 
We devide g-variables into the followin: 
scheme: 


lyspal@s@ol + + -1P25-1251- + -|P2n—1P2nl , 


and consider that, g2j-1 and g2; are correlate 
to each other, but other g-variables have n 
correlation to these two variables. In this 
way, we assume 


y’(0)=2n/3 , (15) 


where gy’ and ¢ are abbreviations of g2;-1 and: 
$23, respectively. We assume the relations 
(15) for all g-pairs commonly. For example, 
if o’ denotes gs, then g denotes gi. The: 
second relation of (15) is concerned with the 
first assumption which states that the most 
stable configuration may be realized for 
gy’ =2r/3 and g=0. 

According to these assumptions we Cam 
write . 


gy =9'(¢%), 


0 
COS wij> = conyrx-ey 0 ; (16) ) 
it 


where we put 


<D:D.>=<{DsDs> = ia =€Do2n-1D2n> 
=<D(¢’)D(g)>=xX (17)) 
and 
Zita vacdens ot 2a. 
D(% = —_ — a D( gens 3 ) 


27 
=D 9’ — — )=y. 
(° -) 


Substitution of (16) in Eq. (13) yields 


(18) | 


<u) =41+2(001) ¥*X 
; 0\ 
«(+ pp yp cae x( 0 |p 9) 
N i<s 1 


The summation in this expression should be: 
read 


= aa gi w Harp} (20) 


Let us denote the null matrix by 0, then it 
is evident that 


lim {Dy D@)}"=0 , (21) 
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for the product D(yv’)D(g) is orthogonal*, so 
is [D(v’)D(¢)]”. However, the formula 
ill : 
lim —[(D@’)D(~))"=0 or lim-+x=0 
noo JW N>coo YW 
(22) 
is not evident, for X is not orthogonol. Some 
‘authors have assumed the formula (22), or 
treated only the case satisfying (22), and they 
have reduced (20) to 
Wi De ee I x 
No i<i 
as m—co, with no study of conditions for the 
convergence. In this paper, however, we 
‘consider that the formula (22) is not satisfied 
in general, and approximate the formula (20) 
to 


= EEX = (1+ g()}A-X), 3) 


it 


where g(m) is a function of m, and it is ex- 
pected that 


Bim 20) 


Nl co 


= co (for most chain a 

=a const. (for the random coil). 
(24) 

Substitution of (23) in (19) yields 


(#>=[1 ++) 2% —1 ) pr , (25) 


where <v*>o signifies the value of <u?> when 
g(n) is neglected, namely, 


0 
K12>0 = {200m x13 ( 0 Jom 4 
1 
) (26) 
The details of the function g(m) may be 
explained later in concerning with the treat- 
ment of the mean square end-to-end length 


of the polymer. 


§3. General Formulas for Mean Square of 
End-to-end Length 
The vector from C: to Con+:1, denoted by R, 
is given by 


R=6b,+b2+---+62n . (27) 


0 
S'S: <cos a13>=(001)} SUSIE EK EZXOY/ + xn 0 
4<)j k<l 


=(001)} (+ x) (ze xi (14Z/)+ a ‘ ; 
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Then the mean square of the absolute value 
of R is 


where 4; signifies the angle between two 
vectors 6b; and 6;, and the meaning of <cos i;) 
is similar to that of (cos wij> in the preceding 
section. Some differences between (13) and 
(28) are due to the fact that the double sum- 
mations extend to j=” and j=2n, respectively, 
in (13) and (28). The formula for cos @%; is 
given by 


0 
cos 8:1; =(001)Di+2Di+s: - Daf (0) (29) 
1 
which differs from cos a@;. It is remembered 
that the number of matrices in (14) is even 
and there are naturally the division 
|DsDs|DsDe| ++ -|Den-1Den| . 
Thus <cos w:;> is able to reduce to the form 
as (16). However, the formula (29) has not 
such regularity, and we need another method 
in order to estimate 3) <cos i>. 


If we put 

(D.>=<De>= + +» =( Den) =<D(v)) =Z (30) 
and 

<D3>=<Ds> = + +» =CDentr ={ DG’) =Z’ (31) 


and use X defined by (17), we find five kinds 
of expressions of the mean <Di+2Di+s- + -Dj+1> 
for the combinations of even and odd values 


of 7 and z. These expressions are shown in 
Table I. 
Table I. 
j | a <Di+2Di+3- ++ Dj+1> 

21-1 @da) | 2k (even) | ZX!-k-1 

21—1 (odd) | 2k—1 (odd) Xi-k 

21. (even) | 2k (even) ZX!-k-1J/ 

2l | 2k—1 XU-kZ! 

dd 
An (yen) sees iC ) A 
(for 1>k) 


Accordingly we have 


f 


(32) 
i) 


* Eq. @ yields the relation [D(y)D()/"[D@')D&)]=D7@)D7(e')DY')D(y)=D"(v)D(v)=1. Therefore 


D(y’)D(g) is orthogonal. 
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remarking that j and / in double summations run to 2m and n, respectively. For further 
reductions of (32), let us remember the assumption that 


LSS x-Ht1=(1+¢(n)}—x), 
nN 


k<l 


and replace Z+X by (1+Z)—(1—X). 


1 3 eos.) (ren COD a+ z10-¥)-420( 0) tobe) —1, 
nN 4<Jj 


Substitution of (33) in Eq. (28) yields 
(R*)={1+(1—P)g(n)}KR*)o , (34) 
where 


pe Wee 


(35) 


0 
(001)(1+Z)4—X)71 nal 0 
il 
and 


0 
<R?>o= (001) Tem | 0 pps ‘ 
1 
(36) 


In this way, <R*>o signifies the value of <R?> 
when g(7) is neglected. 


§ 4, 


The formula (36) agrees with Lifson’s re- 
sult, and the so-called mean square end-to- 
end lengths treated customarily are mostly 
of such type, of which the character is to 
neglect the g(m) term. 

In this paper, however, the g(m) term is 
not negligible, but infinitely large as n>. 
Now we should estimate the order of infinity 
of g(m). Let us consider, in the first place, 
the limit in which the polymer is extended 
as a rigid straight rod, then <R?> is equal to 
(2nbo)? and is infinity of the order of ? while 
<R®>> is infinity of the order of w. Therefore 
we conclude that g(m) is infinity of the order 
of m from Eq. (34) in the limit of ridid 
straight polymer. Let us consider, next, an- 
other limit that the polymer is in the so- 
called unperturbed configuration and <R2> 
= R*>o. In this limit, g(z) must vanish. Ac- 
cording to these considerations, we assume 


g(n)=K(n’—-]) , (37) 


where K and » are both constants independ- 


ent of m. In special, v is limited within the 
interval 


Discussion of g(n) Term 


Then we have 


0 
(33) 
1 


Osa! (38) | 
Of course, y=1 and vy=0 correspond to the 
ridid straight configuration and the unper- 
turbed one respectively. In principle, the 
values of K and » should be estimated through — 
the potential of the internal rotation of the © 
polymer chain. However, the assumption (37) © 
is needed in this stage to avoid difficulties 
of theoretical treatment of g(m). Then it~ 
should be an immediate problem for us, 
whether we can find the value of » within 
the interval (38) or not, through comparison 
of the assumption (37) with experiments. 
If we put 

p=(CR®)/KR%o)"? , (39) 
the parameter o is the same as Flory’s one — 
introduced in his theory of the effect of ex- 
cluded volume, namely, the linear expansion _ 


ratio of the polymer through that effect. From 
(34), (39) and (37), we have 
e—1=K(1—P)(n’-1) , (40) 
accordingly o is an increasing function of x. 
Therefore we should have a straight line, of 
which the slope is one, in the plot of 
log (0?—1) against log(m’—1) under suitable 
choice of v. It is unavoidable to use experi- 
mental values of atactic polymers in place of 
that values of isotactic ones, because the 
lack of data of isotactic ones. 
Some data of molecular weights and cubes 
of o are shown in Tables II and III, in which 
the former Table concerns with polyisobutylen- 


Table II. Polyisobutylen-cyclohexane (30°C), 
My)=56.104 

M | 03 mo.25—] p2—1 

9.5 x108 | 1.39 2.61 0.245 

5.02x104 | 1.96 4.47 0.565 

5.58x 105 | 3.10 8.99 1.126 

2.72x108 | % 4.46 13.8 Tava 


Table III. Polystyrene-benzene (20°C), 


Mo=104.144, 

M 08 | n?-25—] | o2—1 
4.45 x 104 155 S200 0.339 
6.55 x 104 1.70 4.01 0.423 
2.62 105 2.54 6.08 0.860 
6.94 x 105 3.03 8.03 1.094 
2.55 X 106 4.22 MEST 1.61 
6.27 108 Dito [14.7 | 2.20 


cyclohexane solution, and the latter with 
polystyrene-benzene solution. These values 
are taken from Flory’s text book”. 

In these Tables, WM and MM denotes the 
molecular (or submolecular) weights of the 
polymer and segment, respectively, and the 
relation 

) n=M/M, (41) 


is self-evident. The values of n’—1 and p?—1 
are also shown in these tables, where the 
value y=0.25 is chosen. The plots of log(p?-- 1) 
against log (m’—1) due to Tables II and III are 
illustrated in Fig. 4. 


0,25 
Va—1 


ose Po lyi sobulyren-cyc lohexane 
tei. Pol ystyrene-benzene 


Fig. 4. log-log plots of (02—1) against (nY¥—1). 


The plots seem nearly straight lines of 
which each slope is one. Thus the relation 
(40) is satisfactory beyond such a rough treat- 
ment, namely, an experimental foundation 
has been given to the assumptions (37) and 
(23). | 
There is another interest in discussion of 
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the constant » with the viscosity of solution. 
If we denote the intrinsic viscosity by [7], 
the Staudinger’s rule is written as 


[y]=(const.)M . 


But this rule agrees not always with experi- 
ment, and it is corrected to the form 

[y]=(const.)MS , (42) 
where €=0.5~1 for almost polymers, and 
€=2 for straight rod polymers. Till now, 
there are two kinds of independent theories, 
the one of which explains Eq. (42) for €=2, 
although unfortunately the author has no 
convenience to seek for which paper describes 
that theory. Another kind of theories?).®).*) 
explains Eq. (42) for €=0.5~1. However, 
we have an unified treatment that explains 
Eq. (42) for €=0.5~2 if we combine the rela- 
tion (40) with Elory’s method?). According 
to Flory, we use the relation 


[7]=(const.)M'/203 . (43) 
From (40) and (41), we write 
o=(const.)n’/? =(const.)M»/? (44) 


for large m and o. Let us substitute (44) in 
(43), and compare with (42). Then we have 

€=(3y+1)/2 . (45) 
Remembering the interval (38) of v, we have 
€=0.5 for unperturbed polymer chain, and 
€=2 for straight polymer chain. Thus we 
have a simple treatment that explains (42) 
within the interval 

05 Ses7— 


§5. Mutual Dependence between Electric 

Dipole Moment and End-to-end Length 

In general g(m) relates to <R*> and CR? 
according to the relation 


OP CRN bs AG 
l+e@)="—p = (py, ta)Noe 
which is derived from (34), (35), (36) and 
N=2n+1~2n. Substitution of (46) in (25) 


yields 


ais fle eimoP (kubpen 24 47 

No? oes st ( N fo” ). i 
or 

<> NL” (R?>—(L+@)Nb0? (48) 


Cp yo—nus®  <R®>o—(1+a)Nbo? © 


Therefore (#2) and <R*> are dependent on 
each other through Eq. (48). Numerical cal- 
culations of <2>o/m/o2 and <R?>o/Nbo? may be 
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carried out independently. However, three 
kinds of values, <z2>0o/mto?, <R?>o/Nbo? and », 
are needed when we wish to calculate the 
numerical values of <y?>/mpo?. These calcula- 
tions may be performed in the succeeding 
paper® for a special type of internal rotation. 
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Theory of the magneto-plasma resonance in semiconductors is develop- 
ed for the general case where several kinds of free carriers are moving 


under a static magnetic field. 


The absorption and dispersion relations 


are obtained which are applicable to the usual semiconductors such as 


Si and Ge. 


It is shown that, under favorable conditions, the resultant 


plasma frequency can be determined in a way as if there were only one 
kind of carrier which has the reduced mass of all the carriers concern- 
ed. The experimental method to determine the parameter of the mag- 
neto-plasma resonance is also discussed. 


§ 1. 


As is well known, there have been two im- 
portant discoveries in the study of the reso- 
nance phenomena in semiconductors at micro- 
wave frequencies. One is the electron spin 
resonance of the free carriers or the trapped 
electrons; the other is the cyclotron resonan- 
ce. In connection with the experiment of the 
cyclotron resonance, however, Dresselhaus, 
Kip and Kittel have pointed out that the 
magneto-plasma resonance of the free carriers 
becomes also important when the number of 
the free carriers is increased.) This problem 
was further discussed by the same authors?’* 
for the simplest case in which the effective 
mass is cubic and when minority carries are 
concerned. They also observed the magneto- 
plasma resonance in InSb in the microwave 
region. 

Since then, this problem has not been con- 
sidered until Wolf came again to discuss the 
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* Hereafter we shall call this paper as DKK. _ 


plasma resonance.*) He considered the pos- 
sibility of exciting the multi-mode resonance 
under simple conditions such as those discuss- 
ed by DKK. 

In actual semiconductors such as Si and Ge, 
however, the problem is more complicated. 
The effective mass has a tensor character 
and there are several kinds of free carriers 
which have different effective masses and re- 
laxation times. Accordingly, it is desirable 
to make a more general treatment of the 
free carriers for the magneto-plasma resonan- 
ce. Moreover, this may be necessary for the 
study of the spin resonance and cyclotron re- 
sonance of such substances as Si and Ge in 
which the magneto-plasma resonance may 
have an appreciable influence on these re- 
sonances. As an example, let us consider 
the following case. When there are about 
10'* donors/cc with an excitation energy of 
0.0leV to the conduction band in Ge, the 
plasma frequency in the spherical specimen 
will be about 10'/sec at 20°K, namely it 
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comes into the microwave region. Then, it 
is quite cenceivable that the magneto-plasma 
tesonance, whose frequency is of the same 
order of magnitude as that of the ordinary 
dlasma frequency, is necessarily associated 
with the observation of the electron spin and 
cyclotron resonances. 

Now let us consider the experimental 
method of studing the magnetoplasma re- 
sonance. To investigate the properties of the 
free carriers at rf-frequencies, it will be con- 
venient to use the device developed by Oka- 
mura, Fujimura and the present author?)* for 
measuring the dielectric constant, permeabili- 
ty and conductivity of ferrites at microwave 
frequencies. Later, this method was applied 
to the study of the same sort of measure- 
ments on semiconductors.®.® In this OFD 
method, the resonance shift and the loss of 
the resonant cavity containing the specimen 
are measured, and from these quantities the 
high frequency properties of the free carriers, 
represented by a complex susceptibility and 
a complex conductivity are deduced. The 
loss and shift are related to these quantities 
in the following way: 


1 o’ 

oe Sire ph Bi dine 

Q ( E0@ Av 

280 = (e" 1 =a) Ede 
AV 


1) Eow 


The first equation represents the loss factor 
of the cavity and the second is the relation 
for the resonance shift. In these equations, 
the dielectric constant and conductivity are 
defined as 

E=E,(E’ 16”) , 

66 = 107 |. 
The integral | E*dv over the volume of 


AV 
the specimen must be evaluated, and if the 


sample is at the place where the microwave 
electric field is the greatest, its volume be- 
comes 4:4V/V, where 4V/V is the ratio of 
the volume of the sample to that of the re- 
gonant cavity. Thus, if the magneto-plasma 
resonance of the semiconductor could satis- 
factorily be represented by an anomaly in 
the complex conductivity, we can study it 
experimentally using the OFD_ method. 
Usually, €’ is known and &” can be consider- 
ed as zero. (peo eh doy vs 
bs Hereafter we shall call this the OF. D method. 
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In the next section, the DKK method will 
be modified in such a way that the magneto- 
plasma resonance of the simple system is re- 
presented by a complex conductivity. In the 
third section, a similar calculation for the 
general case where several species of carriers 
exist in the semiconductor will be made as- 
suming that the carrier density is not very 
high and the motion of each carrier is de- 
termined by the rf-electric field, long range 
depolarization field and external magnetic 
field.* Conclusions of these discussions will 
briefly be described in the last section. 


§2. The Complex Conductivity in the one- 
carrier Problem 


There are several differences between the 
plasma oscillations in metals and those in 
semiconductors. One of the important dif- 
ferences is seen in the boundary conditions. 
In metals, the plasma wave length is much 
smaller than the size of the specimen. Ac- 
cordingly, the boundary effect is unimportant 
in metals. On the contrary, it is important 
in semiconductors in which the plasma wave- 
length is larger than the size of the sample. 
As was described in the preceding section, 
Wolf pointed out the possibility of the multi- 
plasma resonance in semiconductors. But the 
occurrence of this mode is limitted by severe 
conditions which are rather exceptional in semi- 
conductors. Accordingly we omit to discuss 
the magneto-plasma resonance of multi-mode. 

The semi-classical equation of motion for 
the carriers was first proposed by DKK and 
it is as follows: 

m*(S +0V) =e(E-LP)+(© xi, 

dt Cc 
; (1) 
where V is the velocity of the conduction elec- 
trons, m* their effective mass, E the external 


electric field, L the depolarization factor, H 
the external magnetic fiedld, P the dielectric 
polarization and p the relaxation frequency 
(0=t-! where tc is the relaxation time). Start- 
ing from Eq. (1), the complex conductivity 
can be calculated in the following way. As- 
suming Ece'*t, we obtain from Eq. (1): 


* This case will be called hereafter the m-car- 
rier problem. The case where only one kind of 
carrier is present, as was discussed by DKK, may 
thus be called the one-carrier problem. 
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(iw! +0) V= (“i + 0x a , 2) 


where E; is the reduced field and was defin- 
ed by DKK as 


B=B /{1+ Ee)! | 


The definition of the various frequencies is 
as follows: 


w: external frequency, 


eH 
Oc= : cyclotron frequency, 
m*c 


Op V we plasma frequency, 
m 


2 
wo’ =o0—2"-: reduced frequency. 
@ 
Ii is the reduced depolarization factor defin- 
ed by DKK as 
beak /{\ ‘aera . 
; Ar 

Assuming that E; is along the x-axis and H 
along a direction perpendicular to it, the com- 
ple conductivity is obtained from Eq. (2) as 
Je Ne 1 

= 3 
Eiz ( ) 


os m* G ) We? 
10" 1: Oe 
(10 + 9) 
From this equation, the real and imaginary 
parts of the conductivity can be calculated as 


follows: 


of —<— ol poder tor?) (4) 
(1+ a?r?—w’r?)? +40/2r?’ 

7 _coo’t(1+0"r? OPT) 
(1+ @0?t?— wt”)? + 40/27? ” 


(5) 


where oo=Ne’r/m*. When no magnetic field 
is present, Eqs. (4) and (5) reduce to 


Vises G0 

Teo a 
pps O0W'T 
A L401?" (7) 


Eqs. (4) and (6) were first obtained by DKK. 
Eqs. (5) and (7) are our additional results. 
Now it will be interesting to see in what 
way the sign of the imaginary part of the 
conductivity, o’’, changes with frequency and 
magnetic field strength. From (5), we see 
that when >a» (high frequency or low tem- 
perature) o” is negative for w2<w?+1/r? 
and positive for w.2>w’?+1/c?, while the re- 
verse is true when w<o, (low frequency or 
high temperature). Since o’’ appears in the 


reactance of the sample and behaves as if i 
were an effective dielectric constant, thiif! 
change of sign is a convenient measure it 
the characteric quantities of the semiconduct 
tor. | 
Now it must be noted that by measuring} 
the complex conductivity at H=0 and thej 
magnetic fied Hy at which the sign of of 
changes, N, t and m* can be obtained froi 
the following calculations. Assuming w’+(> 
in Eq. (5), Ho must satisfy the following rea 
lation: 
1+07r?—o*r?=0. (8 Ff 
Using Eqs. (6), (7) and the definition of as, 
t/m* can be obtained from Eq. (8) as follows: 
(SJB). 

00 Gs m 
On the other hand, the following relation : 

obtained from Eqs. (6) and (7): 
fies (107 

m* Oo 

Utilizing Eqs. (9) and (10), N can be obtained 
as 


N= “2 alt tau ) (11)) 


ct and m* are obtained in the following way... 
Using Eqs. (6), (7) and the definition of ay, 
we obtain 


die § -(o _LiNe? ; a3)) 


Oo m*aw 
Then, using Eqs. (9) and (12), ¢ and m* can} 
be obtained separately as 


Sl 1 (00’’ ki 00 2+00'” (13); 
olor’ @ Oo : 
Ave Oo’ LH — joa 
eo 72 772 
a cw Waew = o Vicia ; 
(14) 


§3. The Complex Conductivity in the n- 
carrier Problem 


As was mentioned before, there are several 
kinds of free carriers in usual semiconduc- 
tors. In such Cases the problem is very dif- 
ficult to solve rigorously. But when the 
densities of the carriers are so small that 
their interaction can be represented by a 
common long range depolarization force act- 
ing on each of them, the problem can be 
solved as follows. Let us assume that the 
carrier are all electrons. This is no essential 
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restriction to the theory and if desired, holes can also be included without much altering 


‘the treatment. The equation of motion can be written as follows: 

I 
n 

Leos ON, Vinese” 


' (iw + 61) Vie—1a 
my* j=1 mi* 


1 =e V; ye 


(i+ 01) Viy—ia — 3 NjViy=— Viera , 
M1” j=1 


Est CRA LAE “ete 163i 34 (15) 


n 
; ; e 
(10+ On) Vne—1@ —= SY Ni Vie = — Fit VayWen ; 
Mn" jut Mn 


(00+ 0m) Vny tae 3+ NyViy=—Vnzoon , 
Mn* j=l 


where a=Lie?/w. The second terms in the left-hands of these equations represent the ave- 
rage effect of the other electrons producing a long range polarizing field. The equations 
reduce to Eq. (2) if we put N=1. As before, the magnetic field is along the z-direction and 
the rf-electric field is along the x-direction. From these equations, we obtain the following 
relations: 


| 


adept i loos) aekie Ons 
mF ms m* 


: Woe zs 


> 16 
OE a2 te 
) — 2 wosEs i X+iliw +0) SY 
m j as 

Vn= Gato)? tani : Mota Mt, EQ 
where X and Y are 
| X= SN Vie, 
j= (18) 

Se Dl 5 Viser 


1 


S 
i 


: 


Now we obtain the following relations by multiplying Eqs. (16) and (17) by N; and summing 
over j: 


oN (io + or) Pe 1a Vs ieo +01) a jae Ook 
x = (pore ae (10 + Ox)? +@ex” c=1 (+ px)? +@ex? 
—é ame be 1a Nevosg e ia w+.) 
y= > ee a —— a XE . (20) 


kat (iot+pr)?+@cn® —— e=1 (i+ px)? +@ex® kt (Jot px)? + Wax? 


Solving these Eqs. (19) and (20), one obtains Eqs. (19) and (20), conductivities can be writ- 


x and Y. ten in another way as 
On the other hand, the resultant conducti- paul (1 P aH 
vity is defined by Lagh PQ” 
eX Fes @) 
Oz2— Eig 9 21) Ly pes oe ’ (23) 
eY where P and Q are defined by 
Cy — ‘Ee ’ Ke - 
; Re iy = (iw + px) 
where oz represents the drift conductivity and eee =e : (24) 


po ler res OE ET 
o, the Hall conductivity. With the use of M1 (io+ pr)? tock? 
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Ke 


i Wck 
: (25) 
oa ai Roe 
In this way we obtained the solution. Since 


it is not easy to obtain from this result se- 
parate formulae for o’ and o’” in the general 
case, we shall discuss only special but impor- 
tant cases. 

(1) wx«=0 and pr=0 (vanishing magnetic 
field neglecting relation effects). 

This is the simplest case, oy, and oz’ are zero 
and oz’’ is given by 


(26) 


nr 
where @n’=o— >) Mpx?/@ is introduced as the 
k=1 


generalized reduced frequency. It is interest- 
ing to note that the resonance frequency of 
this system is determined by the vanishing 
of the generalized reduced frequency, i.e., @n’ 


=(0. Furthermore, the resultant reduced 
mass, “4, defined by 
SURES al (w=3,Ne), (27) 
jh k=1 Mk" k= 


can be used. 

(2) wex=0 and opx=p (vanishing magnetic field 
with a common relaxation time). 

The complex conductivity can be written as 


aes Bln) 0 
k=1 


me * ox? + 0? 2 
1 \m/ wx’? +0? ’ 


For other cases, such as the case of we=0 
and ~x#ox (vanishing magnetic field with dif- 
’ ferent relaxation times), where the coherency 
of the motions of different carriers is spoiled 
by the difference of their relaxation times, or 
MOck#Mcxr and px=0 (different cyclotron frequ- 
encies and neglecting relaxation effect), where 
the different carriers move with different 
cyclotron frequencies, no simple expression 
can be obtained for oz’, oz’, dy’ and oy’’. 


(28) 
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For Si and Ge, the cases (1) and (2) may 
be realized at liquid helium temperatures in 
mm wave region. The dynamical motion off 
the various free carriers can be analyzed byy 
varying the impurity concentration, thes 
measuring temperature and the shape of the: 
sample. It may be interesting to investigate 
the temperature range where the impurity} 
band conduction begins. Because the accura-' 
cy of the a’ measurements can be reduce 
to the accuracy of the frequency measure-. 
ment of the resonant cavity, we may be abl 
to detect the fine variation of the phenomena: 
which is not easily observable by DC-methocd. 


§4. Conclusion 


Using this theory of the magneto-plasma ; 
resonance of the m-carrier problem, we can 
obtain the following practical informations of’ 
the dynamical properties of the free carriers: 
in semiconductors: 

(1) The pure magneto-plasma resonance: 
frequency and the relaxation time in Si and| 
Ge etc. using Eqs. (26), (27) and (28). 

(2) The carrier density, the effective mass: 
and the relaxation time at microwave frequ-. 
encies by measuring the loss and shift of the 
resonant cavity as are shown in Eqs. (11), (13) 
and (14). The resonance is observed as an 
anomaly of the complex conductivity. 

(3) The resonance phenomena which are 
observed in association with the cyclotron and 
spin resonance can be discussed quantitative- 
ly as the magneto-plasma resonance. 
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It was established through X-ray analysis™, 
that ice crystal belongs to the hexagonal space 
group D‘e,-C6/mmm under ordinary pressures 
and temperatures, the oxygen atoms occupying 
regular lattice points + (1/3, 2/3, 1/16) and 
+ (1/3, 2/3, 7/16) as is shown in Fig. 1, each 
surrounded by the neighboring four atoms 
approximately tetrahedrally. But as for the 
positions of hydrogens, the X-ray analysis 
can tell hardly anything, and the problem 
has been left for later investigations. 


Introduction 


© Oxygen 
° Proton 


_ Fig. 1. Crystal structure of ice. 


On the other hand, several properties of 
ice have been discovered, which are consi- 
Jered to have some connection with the ar- 
rangement or the rearrangement of protons. 
First, by specific heat measurement, the resi- 
jual entropy of 0.82 + 0.05 cal/deg mole was 
soncluded by Giauque et al at 10°K@®, and 
his fact was explained by Pauling“, assum- 
ng a disordered arrangement of protons in 
he ice crystal. According to his model, 
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Basing upon a carefully designed method of measurement in samples 
showing long 7',, a complete proton magnetic resonance experiment of 
ice is attempted. First, on a second moment argument in rigid lattice 
state, the possibility that protons do not lie on the inter-oxygen lines is 
pointed out, in connection with the neutron diffraction studies. 
from the relaxation time and line-narrowing measurements, the difference 
between the behaviors of protons in pure and doped ice is discussed, the 
results of the dielectric and the direct current conductivity measurements 
by Ztirich group being taken into consideration. 


Secondly, 


protons are assumed to obey the following 
three rules. Namely, first, two protons exist 
among the four possible positions surround- 
ing each oxygen, secondly, protons lie on the 
lines connecting two oxygens, and thirdly, no 
two protons can exist on any one such oxygen- 
oxygen line. Moreover, as far as these three 
rules can admit, protons can take any of the 
possible arrangements at random. The calcu- 
lated value of residual entropy upon this 
model is & In (3/2)”=0.806 cal/mol degree, and 
is considered to agree well with the observed. 
Next, the dielectric behavior was _ rather 
thouroughly examined by Smith-Hitchcock, 
Auty-Cole® and other authors”, and shown 
to exhibit Debye-type dispersion at rather 
low frequencies and at relatively high tem- 
peratures. The dispersion has naturally been 
attributed to the reorientation of dipoles as- 
sociated with water molecules 

Recent neutron diffraction studies by 
Peterson-Levy® revealed the positions of pro- 
tons (actually deuterons) to be consistent 
with the Pauling model. As for the dynami- 
cal behavior of protons, some effort was 
made to study it by measuring the dielectric 
behavior, not only of a pure sample but also 
of a doped one, The most systematic 
attempt of this kind made recently seems to 
be the dielectric as well as the direct current 
conductivity measurements on HF doped ice 
by the school in Ziirich®. 

Under these circumstances, we attempted 
rather complete proton magnetic resonance 
studies to shed some light on these problems 
from a somewhat different point of view. 
The characteristic features of the method 
exist in that, first, protons are concerned ex- 
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clusively with it, and secondly, the method 
is rather microscopic in the sence that only 
very short range interactions are concerned, 
and both of these two features are essential- 
ly favorable to our studies on ice. In section 
2, the quantitative line shape measurements 
on a rigid lattice at sufficiently low tempera- 
tures will be discussed in connection with the 
positions of protons, at the same time, taking 
into account the result of the neutron diffra- 
ction studies. In sections 3, the experimental 
result on the temperature dependence of the 
length of the relaxation time 7: and of the 
narrowing of the absortion line in pure as 
well as in doped specimens, will be interpreted 
from the standpoint of the dynamical behavior 
of protons. The arguments should mainly be 
compared with the results of dielectric mea- 
surements, which might, however, not enti- 
rely be free from the influence of some ma- 
croscopic effects like electrode polarization. 

The proton magnetic resonance experiment 
on ice crystals, is not entirely novel. Follow- 
ing the pioneer work by B.B.P.“, some at- 
tempts of refining or extending it were made 
by the group in Osaka University®? from 
the angle of line shape measurements, and 
by T.E. Turner“® and others@* from the 
angle of relaxation time measurement. 
Nevertheless,- their results were not neces- 
sarily satisfactory, as will be mentioned in 
the following sections, because the proton 
system in an ice crystal has a longer relaxa- 
tion time, especially at low temperatures, and 
consequently the accurate measurements of 
absorption line shapes as well as of relaxa- 
tion time is rather difficult; therefore, thus 
far, no satisfactory result has even been at- 
tained. The author has made some effort 
in improving the measuring technique in case 
of longer 7,, with much success as is given 
below. As for specimens, the author used 
a carefully purified one, as well as one speci- 
fically doped with non-paramagnetic ions in 
order to clarify the mechanism of relaxation. 
§2. Line Shape of a Polycrystalline Sample 
in Rigid Lattice State 

Although the specimen used in this case is 
of not so high purity, it hasa long T: of the 
order of ten minutes, special precaution being 
to thus necessary to cut down the r.f. level as 
low as 40 microgauss to prevent saturation. 
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type, having sufficiently low noise figure. @9)@4 
A recorded derivative of the saturation free 


Fig. 2. Derivative of absorption curve of polycry 
stalline ice. 
Sample: Ice polycrystal of not so high purity. 
See the text for details. 
Field: 7060 Gauss. 
Field sweep: 2.6 Gauss/min. 
Frequency: 30.0 MC. 
R. f. field within sample coil: 
Time constant: 12 sec. 
Temperature: 90°K. 


40 microgauss. 


somewhat flattened portion at the center, 
which may be considered to show the two 
spin character of the proton system, which is 
much more pronounced in the single crystal 
experiment®®. It has a maximum-slope-line- 
widthof 16.. Gauss, which is compatible with the 
data of B.P.P.“" as well as with that of Osaka 
Group” at higher temperatures. The second 


moment of the absorption line is found to be > 
36.7+1.7 Gauss”, the modulation correction — 


being made after Andrew@®. The second 
moment shown above is the average of six 
independent data, together with the standard 
deviation. 

The above measurements are made ona 
specimen, frozen at a temperature near the 
melting point at rather a high rate of about 
one minute, and then cooled to -180°C within 
150 minutes and then kept there for about 120 
minutes. An independent measurement is 
made on a_ specimen at -180°C, after 
being kept at about -5°C for a few weeks. 
The latter showed almost the same line shape 
as above, within the experimental error, 
although it has a longer 7; of about 40 
minutes. In the line shape measurement in 
this case, the r.f. field is cut to zero except 
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during short periods for measurements to 
ascape from saturation and the result is rather 
qualitative in character”. 

_ Through the second moment arguments in 
vase of the rigid lattice, we shall discuss the 
stable positions of protons in the crystal lattice 
AS follows. We assume the so-called Pauling 
tules, which are already mentioned in section 
|. Although these rules lay certain restri- 
ctions on the arrangement of protons, there 
still remain some possibilities. According to 
che orientation of the central water molecule, 
the protons ‘‘0’’, ‘1’? and ‘‘2” are fixed as 


shown in Fig. 3 through above mentioned 


I 
Fig. 3. 


( 


cules. The remaining protons of the mole- 
cules I, [I, III, which are not shown in the 
igure, as well as the protons of the molecule 
dther than the nearest, cannot be uniquely 
axed. In Pauling’s disordered model“, such 
protons are placed at random, and in other 
<inds of proposed ordered structures‘'”, they 
are fixed with certain regularities. As far 
as the second moment argument is concerned, 
1owever, we cannot discriminate the former 
‘rom the latter, because the contributions to 
che proton ‘‘0’’ from protons attatched to 
molecule I is the same, on whichever O—O 
ine among the possible three they are 
situated, and furthermore the difference in 
the contributions from those of II, Hl or 
chose of the protons of the molecules other 
than the nearest is too small to influence the 
‘otal second moment. Actually, the contribu- 
ion from the molecule II is 0.37 Gauss? in 
sase of Pauling model, compared with 0.35 
jauss? in case of Bjerrum’s ordered stru- 
‘ture@”, and that from the molecules III is 
).31 Gauss? in the former, compared with 
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0.29 Gauss? in the latter. And in total, the 
difference between the two models is found 
to be 0.06 Gauss”), which value is not so sensi- 
tive to the assumed parameters concerning 
the shape of the water molecule. 

The main contribution to the total second 
moment is determined by the shape of the 
water molecule, namely the OH length and 
the HOH angle. Actually, in the powder ex- 
periment, only the second moment is availa- 
ble, and this gives a relation between these 
two unknown parameters. The result is 
shown graphically in Fig. 4 by the shaded 
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Fig. 4. Shapes of water molecules determined 
through various methods in free- as well as in 
solid-state. 


area, the width of which corresponds to the 
experimental error given above. 

First, if we assume the shape of the water 
molecule to be the same as that of the free 
molecule@® (OH = 0.958,A, HOH angle = 
104°27’), the calculated second moment is 
obviously outside of the experimental error 
(Fig. 4). This suggests that, in a crystalline 
state, the OH bond is lengthened or/and the 
HOH angle is more opened, through the in- 
fluence of the hydrogen bonding between 
molecules. 

On the other hand, the neutron diffraction® 
gives an OH bond length of 1.01 A as well as 
the tetrahedral bond angle HOH of 109.5°, 
the resulting second moment is again outside 
the experimental error, whereas this bond 
length is required to have the value of 0.95; 
+0.01A in order to be consistent with the 
observed second moment, keeping the tetra- 
hedral bond angle. On the contrary, if we 
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assume the OH distance of 1.01 A, and adjust 
the bond angle HOH so as to obtain the best 
fit with the observed second moment, the 
resulting bond angle will be 102+2 degrees, 
which is rather close to the bond angle of 
104.5 degrees in a free molecule. At first 
sight, the discrepancy between neutron and 
resonance studies might seem to be serious, 
judging from the higher accuracy of the 
neutron diffraction studies. In Pauling model, 
however, it is natural to ascribe equal proba- 
bility to the possible three alternatives as 
shown in Fig. 5. Because of the restriction 


Fig. 5. 


imposed upon the arrangement of the protons, 
this does not violate the validity of Pauling’s 
entropy arguments. According to the neutron 
diffraction, the contour of the hydrogen is 
much more elongated in the direction per- 
pendicular to, rather than in the direction 
parallel to the O—O line. Although we have 
only a single proton among points A, Hz or 
Hz; arandom spacial configuration results in 
the contour diagram such as the one observed, 
as a result of the superposition of the off O 
—O line positions of hydrogen atoms. The 
above anisotropy reported by neutron diffra- 
ction studies is of the order of magnitude 
consistent with resonance data, assuming the 
HOH angle of 104.5. degrees, and hence the 
bond length of 1.01 A. 

Thus the present second moment argument 
suggests that although the effect of hydrogen 
bonding distorts molecules appreciably, it is 
not large enough to pull out the hydrogen, 
so as to come on the O—O line. This conclu- 
sion is compatible with the existing neutron 
diffraction data on weak O-H---O hydrogen 
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bonds such as in the case of the water offf 
crystallization in sodium sesquicarbonate™)} 
(O—O length 2.78 A), and oxalic acid dihydrate} 
(O—O length 2.86 A)@”, as well as our nuclear} 
resonance data on boric acid (O—O length} 
DTZ AVON 


§3. Temperature Dependence of Relaxation| 
Time and Line Width | 
(a) Specimen 
For the purpose of 7; measurements, @! 
highly purified specimen is necessary, because. , 
in the first place, as is well known®?”, even) 
the slightest contamination by paramagnetic: 
impurities drastically affects the 7, value, 
and at the same time, in connection with: 
the dielectric measurements,’@ even non- 
paramagnetic impurities may become a cause: 
of certain types of lattice defects, which. 
will also affect the 7, value appreciably. 
The water distilled with an ordinary type 
metal distillater is further purified through 
a distillation column of about 1 meter in 
height, which is filled with a mixture of two 
kinds of ordinary ion exchange resin, AG 
Amberlite IR-120 and IRA-400 from the Japan > 
Organo Co. LTD. The water thus purified 
is shown to have a specific electric condu- 
ctivity of 1.0~1.5ue@/cm, and is sealed in 
fused-silica ampoules under a nitrogen atmo- 
sphere, after being bubbled with nitrogen 
to get rid of the oxygen gas dissolved in the 
water, which might affect the value of T; 
owing to its paramagnetic character. The 
water thus prepared is frozen at about —5°C 
in the refrigerator. According to Turner’s 
experiment“, a gradual rise in 7; value is 
observed as time elapses after freezing, and 
finally reaches the stationary value. A similar 
phenomena has been observed in our prelimi- 
nary experiment. Therefore, the sample used 
in the present measurement has all been an- 
nealed at -5°C over six months. The speci- 
men thus prepared is considered to be free 
from alkaline substances, for the operations 
were made in polyethylene or silica con- 
tainers, ard not in the glass. | 
Besides the ‘pure’ specimen, thus prepared, — 
we also measured the 7; in a ‘‘doped’’ one. 
1/1000 N of KOH is added to the pure liquid 
water, and the liquid is frozen at -10°C and 
then annealed. If it were assumed that all 
of the KOH molecules remained in ice, there — 


| 
fi 
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‘would exist one KOH molecule per five 
‘thousand water molecules. And we also 
‘measured the 7; in two kinds of ‘‘pure’’ 
\specimens, which are supposed to have a di- 
‘'fferent purity from each other. 


(b) Method of measuring longer T, 

In case of longer TJ; of several hours, it is 
‘practically impossible to observe ‘‘steady- 
state’ signals. In this case, however, 7, can 
‘be determined by combining the following 
two informations. One is the height of the 
“transient”’ absorption signal, which is given 
after the appropriate time from the time, at 
swhich the magnetization starts to recover 
‘from the state of complete saturation. The 
other is the saturation-free signal, which is, 
in principle, can be obtained from the measu- 
‘rement, made after the elapse of sufficiently 
ia long time compared with 7, of the sample 
to be measured, since the foregoing irradia- 
‘tion of high frequency magnetic field is cut 
off. This is practically impossible in case of 
' longer 7;. A specimen of ice, which has su- 
(ficiently a short 7i due to added parrama- 
gnetic impurities, is therefore made use of, 
;to determine the saturation-free value. The 
‘calibrator signals are used for determining 
‘the scale, throughout the measurement. 
The long range stabilities of the magnetic 
field and the whole detecting system are 
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Fig. 6. An example of the transient signal. 
Sample: Ice pure ‘‘1’’, see the text for details. 
Field: 7060 Gauss. 

Field sweep: fixed. 

- Frequency: 30.0 MC. : 

R. f. field within sample coil: 1 milligauss. 
Time constant: 0.7 sec. 

Temperature: 193°K. 

Flow rate of the chart: 1cm/30 sec. 
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checked by a field monitor, and a calibrator, 
respectively, and the balance of the bridge is 
readjusted just before the transient signal is 
given. For details of the procedure adopted 
here, see the separated paper®?”. Fig. 6 
shows an example of the transient signal. 
(c) Results 

In Fig. 7 is shown the temperature depen- 
dence of relaxation time 7;. The 7: shorter 
than twenty seconds is measured by the satu- 
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Fig. 7. Temperature depencence of relaxation time 
T, in pure as well as in doped polycrystalline ice. 


ration method, and the one between ten mi- 
nutes and twenty seconds is measured by the 
ordinary direct method. The measurement” 
of a 7, longer than five minutes is done by 
the method described in the preceding para- 
graph. Before each measurement at a certain 
temperature, the specimen is kept at that 
temperature for more than 40 minutes in 
order to obtain thermal equilibrium. In a 
preliminary experiment, we confirmed that 
T, did not change over 10% during 8 hours 
at -85°C. Therefore, equilibrium would su- 
fficiently be attained after 40 minutes. It is 
obvious from Fig. 7 that the curve of the 


1498 


sample numbered ‘“‘pure 1’’ consists of three 
regions. The first region above -40°C has 
a maximum slope, which corresponds to the 
activation energy of 0.44eV, and the second 
region between -40°C and -80°C has a mini- 
mum slope of about 0.17eV, and finally the 
third and the lowest temperature region has 
a medium slope of 0.30eV. 7i versus tem- 
perature curve for the ‘‘pure 2’’ has the first 
region in common with that of “‘pure 1” at 
higher temperatures. The second region, 
however, is different in absolute value, but 
still has the same slope with that of ‘‘pure 
1’’. Compared with these pure samples, the 
‘doped’ one has a straight line, whose slope 
is the same as that of the third region of 
“pure 1’. At first sight, it might appear 
strange that the ‘‘doped’’ one has a straight 
line, and the ‘‘pure’’ has a crooked one. The 
explanation might be as follows. Suppose 
that the perfectly pure specimen shows a 
straight line as shown in Fig. 7 with an ex- 
trapolated broken line. By adding a small 
amount of impurities, the curve is bent into 
three as in the case of ‘‘pure’’, and the 
second region gradually shifts to the higher 
temperature side by the further addition of 
impurities, and then finally in sufficiently 
doped samples, the curve has only a slope 
which corresponds to the third region of the 
““pure’’ specimen. 

The difference between the ‘‘pure’’ and the 
‘“‘doped’’ ice is also seen in the temperature 
dependency of the line width (Fig. 8). As 
the temperature is raised, the absorption line 
of the ‘‘doped’’ ice becomes narrower more 
rapidly than that of the ‘‘pure’’ ice. This 
behavior can be correlated with the difference 
between the 7\’s of the pure and doped ice, 
in the corresponding regions shorter than one 
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Fig. 8. Narrowing of absorption line in pure as 
well as in doped polycrystalline ice. 
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minute. In the corresponding regions longer 
than one minute, however, the correlation time 
te, which is related to the observed 71 through 
2 
the at <a 1 
where <Av?>,, and vy mean the second 
moment of the absorption line width, and the 
resonance frequency, respectively, is longer 
than the reciprocal of the line width in fre- 
quency scale, and consequently the line width 
saturates at a value of so-called ‘‘rigid lattice 
case’’ and difference between the ‘‘pure’’ and 
the ‘‘doped’’ also disapears. 


well-known formula Tce 


(d) Discussion 

First, we will comment on the comparison 
with the previously reported value of 7; by 
B.P.P.2” and Turner@®. B.P.P. measured 7; 
only in the higher temperature region above 
-35°C. Compared with the present results, 
their results are about three times as short, 
although the difference in temperature depen- 
dency is insignificant. The difference might 
be attributed to either the difference in purity, 
of which effect is already obvious from the 
present work, or perhaps in the difference 
in thermal treatment. Turner extended 
B.P.P.’s measurements to lower temperatures. 
Comparing this again with the present work, 
his 7i curve has approximately the same 
slope aS ours in the second region mentioned 
above, although his results are about twice 
as long as that of our specimen ‘‘pure 2’’ in 
absolute value. In the third region, however, 
his curve deviates gradually from ours to the 
shorter Ji-side, and finally reaches a con- 
stant value of 10‘ seconds. The latter beha- 
vior might naturally be considered to be due 
to the effect of paramagnetic impurities ex- 
isted in Turner’s samples, which are consi- 
dered to provide a temperature-independent 
relaxation mechanism®”. Throughout the 
above comparison, we have ignored the di- 
fference in 7; due to a different external 
magnetic field. 

Secondly, the correlation time tc, which is 
obtained from the observed 7, through the 
above-mentioned formula, is compared with 
the dielectric relaxation time r reported by 
the Ziirich group. The Zirich group has 
measured the dielectric relaxation time rt as 
the function of the impurity (HF) content at 
three fixed temperatures -36°C, -10°C, -3°C. 
They have found that as the impurity in- 
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creases, the activation energy decreases from 
the initial value of 0.58eV to a minimum 
value of 0.23eV, and then increases again to 
reach the final value of 0.32eV. This behavior 
is quite similar to what we have found. If 
we cut a group of 7:1 versus 1/T curves in 
Fig. 7 by a straight line corresponding to a 
fixed temperature, for example at —60°C, it 
is readily seen that the activation energy first 
gets the highest value, then drops to the 
lowest, and then reaches to a final medium 
value as the amount of impurities added in- 
creases. The comparison between the activa- 
tion energies in both cases are shown in 
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Table 1. The activation for the dielectric 
Table 1. Comparison between various activation 
energies 

oF jetty odie “eke 
“‘pure’”’ ciently 
doped”’ 
1st 2nd 3rd 
proton magnetic resonance | , ,, 1,471 - on way 
(present work) 0.44 es Boas eV 
dielectric constant 
(Ziirich group) 
Auty-Cole definition O2D8) |POAZOS Se OROZ 
Debye definition 0.51 
Direct current conductivity 
(Ziirich group) 
Au-electrode 0.6 
sandwitch-electrode 0233 


relaxation differs a little from that for the 
resonance, according to their definitions. 
Taking this difference into account, the coinci- 
dence between the correlation time in proton 
magnetic resonance and the dielectric relaxa- 
tion time is considered to be satisfactory. 
Judging from the experimental results, the 
difference between species of ionic impurities 
in their effects on the activation energies is 
insignificant, as far as they are diamagnetic, 
because KOH and probably H,CO; too in our 
work give similar results with the HF impu- 
rities in Zurich’s experiment. The correspond- 
ing behaviors between the proton magnetic 
and the dielectric relaxation, ensures the fact 
that the phenomena is based actually upon 
the microscopic relative motion of protons. 
If the change in the relaxation time were due 
to the effect of paramagnetic impurities, it 
should not be observed in the dielectric mea- 
surement. On the other hand, if the change 
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in relaxation were due to any ions other than 
protons or due to any macroscopic phenomena 
like the electrode polarization effect, it should 
not be observed in the proton magnetic re- 
sonance experiment. 

The experimental result shows that, by the 
addition of small amount of ionic impurities, 
anew state appears. The state, which is 
called ‘‘third region’’ in the above description, 
is considered to be of rather well-defined one. 
Bacause, once the state has been realized by 
the addition of a certain small amount of 
impurities, not only the activation energy, 
but also the absolute values can be changed 
little, by further addition of the impurities. 
This fact is seen by comparing the above 
data for doped sample which has a considera- 
ble amount of impurities with those for 
“‘pure’’, which has only a trace of such impu- 
rities. As is obvious from Fig. 7, the 7; 
value of pure specimen in the first region is 
determined by the different mechainsm cor- 
responding to higher activation energy, 
whereas 7; in the third region is due to the 
same mechainsm as is seen in the doped 
sample, because there is a justice to believe 
the existence of a trace of impurities in the 
so-called ‘‘pure’’ specimen. In the following, 
we shall call the third region as ‘“‘sufficiently 
doped’”’ state and the first region, as ‘‘pure’’ 
state, and give a discussion concerning the 
difference between the two states, in connc- 
tion with the Zirich®’ and other’ results 
of direct current conductivity. In contrast to 
the ‘‘third region’, ‘‘the second region’’ is 
structure-sensitive, as is readily seen in the 
above description. 

As is well known, the microscopic diffusion 
constant of protons is deduced through the 


2 
well-known formula Dn. m. ante! ays where 


Te 
the correlation time te is known from the 
proton magnetic resonance experiment, and 
the mean flight distance 7 is assumed so as 
to be consistent with the crystal structure. If 
the diffusion is not localized, it would result 
in macroscopic conductivity under an applied 
electric field, and the specific conductitify is 
related with the diffusion constant through 


the so-called Einstein relation Dam..+.=¢ 


N@?’ 
where N and gq mean the number in unit 
volume and the charge of carriers, respecti- 
vely. 
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Actually, the equation does not hold in 
‘“‘pure’’ state; as is already pointed out by 
Bradley. If we tacitly adhere to the above 
equation, we are forced to assume too small 
a value of 0.02A for yr. In the ‘“‘sufficiently 
doped’”’ state, however, the equation is found 
to hold fairly well, in contrast to the ‘‘pure”’ 
state, the left and right hand sides of the 
equation amounting to 2x10-!2cm/sec and 
2~3x10-"cm/sec at 250°K, respectively, 
under a reasonably assumed value of 1A for 
y. The data of the conductivity in the 
“sufficiently doped’’ state which are used in 
the above discussions, are actually those in 
‘‘pure ice’ with sandwitch-electrodes of HF- 
doped ice. However, as is reported, the 
specimen is naturally considered to be a 
doped one, because the lattice deffects from 
the electrode flow into the specimen. Accord- 
ing to their discussion the conduction is beli- 
eved to be due to neither electrons nor ions 
of any kind other than protons. 

In general, two kinds of motion of protons 
are thought to be possible in ice crystals”. 
One of them is the motion of protons ac- 
companied by the rotational motion of the 
water molecule, leaving one of the hydrogen 
bonds as it is, and only breaking the other. 
The other is the so-called ‘‘proton transfer’’ 
along the hydrogen bond without any rotation. 
As is readily seen from the crystal structure 
of ice (Fig. 1), these two kinds of proton 
motion give approximately the same order of 
magnitude of local magnetic field fluctuations; 
consequently the arguments on the order of 
magnitude such as given above, cannot di- 
scriminate, which of them is actually resposi- 
ble for the phenomena observed in the pre- 
sent investigation. Nevertheless, from the 
facts given above, that the Einstein equation 
holds in the ‘“‘sufficiently doped’’ ice and does 
not hold in the ‘“‘pure’”’ ice, we might safely 
say as follows: In the case of ‘‘sufficiently 
doped’”’ ice, protons move smoothly in the 
crystal of ice through both of the two kinds 
of motions. On the contrary, in pure ice, it 
is rather difficult for protons to move because 
of the fact, that the motion is of a localized, 
or that the number of carriers is much 
smaller. A small number of lattice defects 
such as hydroxyl ions or oxionium ions pro- 
duced by the addition of alkaline or acidic 
impurities would facilitate the motion of pro- 
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tons. The activation energy is expected to 
be lowered by the presence of the added 
impurity. 
observation descibed above. 

Ziirich group attempted interpretations of 
the two states through dielectric and conducti- 
vity measurements, especially through discus- 
sions of the static dielectric constant. 
the pure state to the thermal production of 
the 
the water molecule, and that of 0.32eV in 
the ‘“‘sufficiently doped’”’ state to the produc- 
tion of the ion, accompanied by the proton 
conduction due to the addition of HF. These 


This is in agreement with the | 


They | 
attributed the activation energy of 0.58 eV in > 


imperfection as well as the rotation of | 


conclusions seem to be consistent with our | 


results. 


The author wishes to express his hearty 
thanks to Prof. Y. Kakiuchi for suggesting 
the subject, and also for his kind guidance 
with deep insight. 
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The radiation effects both of polydimethyl siloxane and dimetyl- 
diphenyl siloxane copolymers were studied by the use of gamma rays of 
cobalt-60 in order to estimate the protective effect due to phenyl radical 
against the radiation-induced cross-linking. The viscosity of irradiated 
sample increased with the absorbed dose and finally the sample became 
gel. The efficiency of cross-linking of copolymers is remarkably reduced 
with increasing concentration of diphenyl siloxane. The minimum 
absorbed dose for gel formation, the efficiencies of cross-linking per 
monomer unit were obtained as a function of the concentration of phenyl 


radical. 


It is estimated that the protective effect of diphenyl siloxane 


may extend over five or six neighbouring monomers of dimethyl siloxane. 


§1. Introduction. 


The effects of ionizing radiation on high 
polymers have been studied by many workers, 
and it is well known that polystyrene is the 
most stable polymer against radiations~°. 
An ordinally polymer needs the absorbed 
energy of about 20eV for one cross-linking, 
whereas polystyrene requires much higher 
value of about 3,000eV”. The stability of 
polystyrene is due to the presence of phenyl 


radical within the polymer molecule. 

In order to obtain polymers of higher radia- 
tion stability, several studies on the copoly- 
mers containing phenyl group were carried 
out. For examples, Sisman and Bopp” studi- 
ed the radiation effect of styrene-butadiene 
and styrene-acrilonitrile copolymers irradiated 
in a nuclear reactor. They observed that the 
change in hardness of the copolymers was 
much less than that of pure polybutadiene 
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and polyacrilonitrile. Alexander and Cha- 
rlesby” studied the irradiation behavior of 
copolymer containing various proportions of 
styrene and isobutyrene, and found that the 
degradation of isobutyrene was greatly sup- 
pressed with increasing content of styrene. 
They also calculated the degree of protection 
due to phenyl group assuming a random di- 
stribution of styrene and isobutyrene units 
throughout the copolymer molecule, and came 
to a conclusion that phenyl group in styrene 
monomer unit protects about four neighbour- 
ing carbon atoms in the main-chain. 

The irradiation behavior of polydimethyl 
siloxane also has been studied by may investi- 
gators.”?®-! They concluded that the cross- 
linking is formed in the polymer by the ir- 
radiation!-»), The stabilizing effect of 
phenyl group, in dimethyl-diphenyl siloxane 
copolymer, was observed by Warrick™. He 
found that in this copolymer the energy 
required, for the same order of cross linking 
formation, was 20 times as that of polydi- 
methyl siloxane. However, his result has not 
been reported in detail. 

In the present work, measurement were 
carried out on the change of viscosity caused 
by the irradiation on dimethyl-diphenyl 
siloxane copolymer, for various concentrations 
of diphenyl siloxane and also for different 
initial molecular weight of the copolymers, in 
order to study the protective effect of phenyl 
group against the radiation-induced cross-link- 
ing of siloxane copolymer. From the experi- 
mental results obtained some informations on 
the protective effect of phenyl group against 
cross-linking was obtained. 


§2. Experimental. 


The polydimethyl siloxane and the copo- 
lymer of dimethyl siloxane and dipheny] silo- 
xane used in this experiment are transparent 
and viscous liquid*. The concentration of 
phenyl group in the copolymer were selected 
to be 5 and 25 mol%, respectively. 

Molecular weight of the polymer was 
obtained from viscosity measurement using 
the Stauding’s law, 


7=KM?* , one 
where 7 is viscosity, M the molecular weight, 


* The samples were supplied by Shin-etsu Che- 
mical Industry Co., Ltd. 
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K and a constants for a given polymer. In 
the case of polydimethyl siloxane, Eq. (1) 
applies with bulk viscosity, 7, in cs at 25°C al 
K=5.3x10-!, a=1.39 when M<30,000; and 
K=2.7x10-", a@=3.7 above this molecular 
weight. The value of M thus obtained | 
should be the weight average”. In order 
to determine the molecular weight of copoly- 
mer, the same value as for polydimethyl 
siloxane were tentatively applied for K and 
a in Eq. (1), since the value of K and a@ for . 
the copolymer have not been published. For 
the calculation of the degree of polymeriza- 
tion of the copolymer, the molar average 
molecular weight was used as the molecular 
weight of apparent monomer, assuming that 
the copolymer consisted hypothetically of one 
kind of monomers. Data thus obtained are 
shown in Table I. 


Table I. Phenyl radical content, initial bulk vis- 
cosity, 7%, initial molecular weight (weight 
average), M, and initial degree of polymerization, 
P, of the samples. 


content of 


phenyl | No (CS) M P 
radical Ae nat observed 
(mol %) (at 25°C) 

O65) a Ppa octoe 2 

100 |1.04x10?|6.42x103| 87 

0 1,000 | 1.00x103|3.01x10| 407 

10,000 |9.55 » |5.53 » | 748 

100 |1.12x102)6.78x103| 88 

5 1,000 |1.01x103/3.01x10'| 391 

B00, IS 1e ta 10, Fol ee 

25 450 |4.42x102/1.82 » 194 


Irradiation was carried out with the cyli- | 
ndrical 10 kilo-curie cobalt-60 source!®. The 
maximum field strength of 2x10°rad/hr was 
available at the center of the source cylinder. | 
Dose rate of about 2.0x10° rad/hr was usual- 
ly used for irradiation, but sometimes about 
5X 10° rad/hr was also used. The upper limit 
of absorbed dose for the experiment was 
1.4x10°rad. A test tube of hard glass of 
20cm in height and 1.8cm in diameter was | 
filled with sample liquid and plugged with a 
glass stopper leaving air column of about | 
2cm high above the liquid surface. Samples 
thus prepared were placed inside or outside 


of the source cylinder and irradiated at room 
temperature. 
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The change in bulk viscosity of irradiated 
samples was measured by a rotation visco- 
meter of concentric cylinder type at 25°C. 
This viscometer consists of inner and outer 
cylinders; the outer cylinder rotates at con- 
stant speed and the inner cylinder is suspend- 
ed vertically by a torsion wire. A sample to 
be measured is filled in the gap between the 
inner and the outer cylinders. The bulk visco- 
sity of liquid can be measured from the 
angular deflection of the torsion wire. Vary- 
| ing the dimensions of the torsion wire and 
the inner cylinder, it is possible to measure 
a viscosity change in a wide range. 


-§3. Results of experiment. 


The viscosity of copolymers increases more 
slowly with increasing radiation dose than 
that of polydimethyl siloxane. The change 
in viscosity of these polymers by the irradia- 
tion depends both on the initial molecular 
weight and on the concentration of phenyl 
group. Fig. 1 shows the relationship between 


18 
5 
B 2 
fo} 
S108 
S 5 
faye p< Pe ee 
3 2 
8 40! 
oer 
x 3F° 
a2 
10° 
OM2I315 7g COO’ eo) 10% 2 = 2 To? 
R (rad) 
initial bulk phenyl, radical 
viscosity content 
(cs) (mol %) 
—v7— | x10? 
—o—' | x 103 (@) 
—«a— | x104 
ae lh MOE 
'---e— | x08 5 
—-4--- 3 x10° 
—-0-- 45x10? 25 
Fig. 1. The change in bulk viscosity by gamma 
irradiation. 


these changes in viscosity and the absorbed 
dose. The initial viscosity of the low molecu- 
lar sample of polydimethy] siloxane is 0.65 cs. 
The viscosity change of this low molecular 
sample was very small even after the irradia- 
tion of 1.4x10° rad. In other samples, the 


viscosities increased with increasing absorbed 
dose and finally samples appeared gel-like. 
Between the samples having the same 
phenyl group content, but of different 
molecular weight, the higher molecular 
samples required larger absorbed dose than 
that of the lower molecular weight, for the 
same amount of viscosity change. On the 
other hand, between the samples having the 
same initial molecular weight but containing 
different amount Of phenyl groups. Samples 
of the higher phenyl group content required 
larger absorbed dose for the same amount 
of viscosity change. Further, a similar rela- 
tion is observed on the minimum absorbed 
dose for gel formation as mentioned below. 
Figs. 2, 3, and 4 show the relationship 
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initial bulk 
viscosity 
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—o— |xI0° 
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oO 


ratio of bulk viscosity before and after irradiation "o/n 


Ko mo. 2. ue ce, Bo” CC 
R (rad) x10” 


Fig. 2. The relationship between the absorbed 
dose and the ratio of buik viscosity before and 
after irradiation for polydimethyl siloxane. 


between the absorbed dose, R, and the ratio 
of viscosities, 70/7, for 0.5 and 25 mol% copo- 
lymers, respectively. Setting aside the beginn- 
ing range where R is small, the linear rela- 
tionship between 7/7 and RF are found both 
for polydimethy] siloxane and for copolymers. 
Accordingly, it may be assumed that 7/7 is 
proportional to R, then the relationship 
between 7/7 and R can be written, as 


Mo/n=1—AR. (9) 
In Eq. (2), A, slope of straight lines in Figs, 
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2, 3 and 4, is the function of initial molecular needed to produce one cross-linked monomer 


weight and the concentration of phenyl unit per weight average molecule™. Experi- 
radical. mentally R, can be obtained as the dose cor- 
responding to 7->00'®™, or y/7=0 in Figs. 

1.0 


7 


2,3 and 4, because 7/7 decreases linearly 
with the absorbed dose, R, as shown in Eq. | 
(2). The values of Ry obtained in this way 
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Fig. 3. The relationship between the absorbed 
dose and the ratio of bulk viscosity before and 
after irradiation for 5 mol 2 copolymer. 
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Fig. 4. The relationship btween the absorbed 
dose and the ratio of bulk viscosity before and 
after irradiation for 25 mol 24 copolymer. 


The increase in viscosity of irradiated 
sample is due to the formation of cross-links. 
When the cross-linked monomer in the molecu- 
le is formed to some extent, sample becomes 
gel. Theoretically, the first gel formation 
occurs at an absorbed dose of R, which is 
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are shown in Table II. 


Table II. Minimum absorbed dose needed for gel 
formation, Ry, and the product of Fg and initial 
molecular weight, M. 


content of N Fe ee 
phenyl g qX 
radical ee (rad) (rad) 
(mol %) 
100" | "4x TO 257 < 10% 
0 1,000 | 9.8x10® | 3.0 7 30x10"! 
10,000 | 5.9 v7 Some | 
100.) .6:3>10% |. 433) a7 
5 1,000 | 1.6 7 Aa 4.310" 
3000 | 9.8x10° | 4.0 7 
25 | 450 | 4.4108 8.0x 10? 


Fig. 5 shows the relation between 7/7 and 
PR. In this figure, it is seen that the plots 
for samples containing the same amount of 
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Fig 5. The relationship between 7/7 and PR. 
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phenyl groups fall on a straight line indepen- 
dently of the initial molecular weights. 
Therefore, the relation between 7/y and PR 
can be expressed as follows; 

70/07=1—EnPR , (3) 
where &» denotes the slope of each line shown 
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in Fig. 5. Suffix p represents the concentra- 
tion of phenyl group. &p» signifies the effici- 
ency of cross-linking of any given monomer 
unit in the molecule per unit absorbed dose 
in rad. It depends not on the initial molecu- 
lar weight but only on the concentration of 
phenyl group. 

Eq. (8) may be extended to gel point. As 
ny /7 is zero and R is Ry, at the gel point, Eq. 
(3) gives ; 

Ep=1/(PRz) (4). 
So far as Eq. (4) is satisfied at the gel point, 
the product PR,, and hence the product MR, 
must be constant for the copolymer contain- 
ing the same amount of phenyl group. Fig. 
6 shows the relationships log Ry vs log M for 
each phenyl radical content as a parameter. 
A linearity is seen between log Ry, and log 
M, and the slope of this line is nearly one. 
Furthermore, the line for polydimethy] silo- 
xane was parallel to the line for 5mol% 
copolymer. Accordingly, a relationship of 
R,x M=constant is obtained and this relation 
agrees with Charlesby’s result for a pure 
silicone oil!®. As shown in Table II, the mean 
values of product R,x M for 0,5 and 25mol% 
copolymers are 3.010", 4.310" and 8.0x 
10” rad, respectively. 


Radiation Effects on Siloxane Copolymer. I. 
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In general, the efficiency of cross-linking of 
a given monomer unit, €, for each copolymer 


Minimum absorbed dose needed to gel formation, Rg (rad) 
mp oO Or 


10&x 2 


ie 2 3 ouaa 


Sie ar Ow 
initial molecular weight M 


5 7 iO 


Fig. 6. The relationship between the minimum 
absorbed dose for gel formation, Rg, and the 
initial molecular weight, M, for each phenyl 
radical content as a parameter. 


can be obtained as 1/(PR,) using Eq. (4). 
The values of &€ obtained in this way are 
shown in Table III. The energy absorbed per 


Table III. Efficiency of cross-linking of monomer per one rad, &, absorbed energy per 
cross-linking, #, and G-value of cross-linking. 
content of No 
phenyl radical normal (radi-" (ev) G-value 
(mol %) (cs) \ 
| 100 | ~~ 2.74x10-" 56 1.79 
0 1,000 2.46 47 esos | 62 }62 1.61 ;1.60 
10,000 | epi) Uk | 68 1.47 
: 100 1.79» | 89 ik 
5 1,000 1.64 7 js 1O=" 97 J» 1.03 ja 
3.000 WA 83 IPA! 
25 450 ‘ 1.17 x 10-11 1.6 x 103 0.06 


cross-linked unit is defined by reciprocal of 
€. Since the value of energy absorption 
to produce one ion pair in air, W, is 34eV 
and the electron density of silicone is very 
similar to that of water, the absorbed energy 
in eV per cross-linked unit is 
6.1 10!% eV x molecular weight of monomer 

s 6.0.x 10? x : 


The energy absorbed per cross-linking (cor- 


responding to two cross-linked units), E, is 
twice the above value, and the G-value of 
cross-link formation becomes 100eV/E. The 
values of E& and G for each irradiated sample 
are also shown in Table III. 


§ 4. Discussion of the result. 


The efficiency of formation of cross-links 
in dimethyl-diphenyl siloxane copolymers by 
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the irradiation of gamma rays depends not on 
the initial molecular weight but on the con- 
centration of phenyl group in the copolymer 
as stated above. Recently, Watanabe’ point- 
ed out from the theoretical consideration that 
the relationship 7/7 vs R was represented not 
always by a linear function but by a function 
involving the parameter a appeared in Eq. 
(1). The theoretical curve is shaped S. Our 
observed curve is considered to be a straight 
line within the experimental error for samples 
of low molecular weight and approaches the 
theoretical curve of w=3.7 for high molecular 
weight samples. Therefore, the slight devia- 
tion from straight line in our observed curves 
may be explained by his theory. However, 
we treated the observed curve as a straight 
line in first apploximation. 

As shown in Table III, & for polydimethyl 
siloxane is 62eV. This value is considerably 
larger than the value of 32eV given by Cha- 
rlesby” for the same polymer irradiated in a 
nuclear reactor. When Charlesby calculated 
the absorbed energy, however, the value 
adopted for W was 29eV. The latest value 
of W is 34eV, and his value of EF, 32eV, 
should be modified to 38eV. His experiment 
of gamma irradiation gave 40 eV as the value 
of E to the same polymer. The discrepancy 
between the value of present authors and 
that of Charlesby may be attributed to three 
factors; (1) the presence of air, (2) different 
dose rate and (3) the different ways of the 
determination for Ry. Concerning the third, 
it may be considered that the values of Ry, 
or EF, determined from a straight line between 
%o/n and R will be somewhat larger than that 
could be determined from the _ theoretical 
curve shaped S. 

Moreover, in 5: and 25mol% copolymers 
the values of EF are 9.010 and 1.6x10% eV, 
respectively. The increase of E with the 
increasing concentration of phenyl group, is 
due to the increment of a ratio of dimethyl 
siloxane monomer units which is protected by 
phenyl, group to the total number of its mo- 
nomers. Even in 25 mol% copolymer, 
however, the protective effect by phenyl group 
is not sufficient compared with that in the 
case of polystyrene in which E is 3,000- 
5,000eV”. On the other hand, even after the 
absorotion of 1.410 rad, the low molecular 
sample of 0.65cs initial bulk viscosity did 
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not show any appreciable change in viscosity 
as far as we have explored. 

Based on the assumption of random distri- 
bution of dimethyl siloxane and diphenyl 
siloxane units throughout the copolymer 
molecule, a calculation was carried out on the 
range of protection of phenyl group accord- 
ing to the reasoning of Alexander and Cha- 
rlesby”. They deduced the range of protec- 
tion from the reduced degradation rate, but 
the present authors from the reduced cross- 
linking efficiency. For this purpose let M re- 
present a dimethyl siloxane and P a diphenyl 
siloxane unit. Let f denote the probability 
that any given monomer unit is M. The 
numerical values of f are given in Table IV 
for 5 and 25mol% of phenyl group. 

Let us now assume that any given di- 
methyl siloxane unit M is only protected by 
P unit against cross-linking, if its nearest 
neighbour unit is a diphenyl siloxane unit P. 
The probability of such an arrangement as 
MMM, of which only such M unit is able to 
cross-link, is given by /?. Therefore the 
ratio of such M units to the total number of 
units in the specimen is given by f*. In 
general, it is assumed that P unit protects 
m-units of M_  successibly arranged in the 
nearest neighbour of P unit. Then the ratio 
of M units possible to cross-link to the total 
number of units is given by /2"*1. Now, the 
ratio of cross-linked monomer units to the 
total number of units under the protection of 
phenyl group is defined as the degree of pro- 
tection. The numerical values of /2?"*! for 
given f and m are shown in Table IV. 


Table IV. Comparison of theoretical and observed 
values of the degree of protection. 


degree of protection 
content of phenyl radical | 5 mol % 25 mol % 
probability of dimethyl — 
silo ae y 0.975 0.875 
theoretical values 
m=) 0.93 0 67 
4 0.80 0.30 
f2nt1 5 0.76 0.23 
6 0.72 0.18 
fh 0.68 0.13 
observed values : 
Ev/E, 0.74 0.05 


| copolymer, respectively. 


using n=6. 
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On the other hand, the observed degree of 
protection is obtained as the ratio of cross- 
linking efficiency of copolymer, &», and that 
of polydimethy] siloxane, &. It was calcula- 
ted as follows, 


Ep/Ey= 1.82 x 10-19/2.45 x 10-29 =0.74 for 5 mol% 
Ep/Ey=1.17 x 10-14/2.45 x 10-9 =0.05 for 25 mol% 


These ratios are also summarized in Table IV. 

The degree of protection observed is 0.74 
for 5mol% copolymer and 0.05 for 25 mol% 
Comparison of the 
degree of protection observed with /2"+1 
calculated, makes clear that in the case of 
5mol% copolymer the observed value, 0.74, 
is placed between the calculated, 0.76 for 
m=5 and 0.72 for n=6. In the case of 
25mol%, however, the observed value, 0.05, 
is smaller than the value of 0.18 calculated 
The value of & for 5mol% 
copolymer is the mean value for three samples 
having different molecular weight and it is 
more reliable than that for 25 mol% copolymer. 
Therefore, it may be considered that the pro- 
tection by single diphenyl siloxane unit ex- 
tended over five or six monomer units of 
dimethyl siloxane on the average. 

For the vinyl polymer, copolymer of isobu- 
tylene and styrene, Alexander and Charlesby 
reported that the range of protection by 
phenyl group extends over four main-chain 
carbon atoms”. However, there is a consi- 


-derable difference in the range of protection 


by phenyl group between vinyl copolymer 
and siloxane copolymer. This difference of 
the range of protection between two kinds 
of the copolymers may be regarded as due to 
the difference in the number of phenyl radi- 
cals in monomer unit, and the difference in 
the main-chain structure. The copolymer 
used by Alexander and Charlesby has only 
one phenyl group in one styrene monomer 
unit. However, the copolymer used in the 
present work has two phenyl groups in one 
diphenyl siloxane monomer unit. 

Provided that the excitation or ionization of 
z electron in phenyl group has no chemical 
effects on cross-linking or degradation, diphenyl 
siloxane monomer unit will be able to dissipate 
more energy by the existence of two phenyl 
groups than styrene monomer unit will. Secon- 
dary, we may consider the difference in main- 
chain structure between vinyl copolymer and 
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siloxane copolymer. Vinyl copolymer consists 
of -C-C- and siloxane copolymer of —Si-O-. In 
the latter, silicon and oxygen atoms have 
more electrons content than carbon atom has. 
Moreover, oxygen atom has movable lone 
pair electrons in its 2 orbit. Therefore 
electron may be more easily movable in —Si- 
O- chain than in -C-C- chain. It is assumed 
that electron in molecule is excited or ionized 
by radiation and the transition of its excited 
or ionized state can occur by electron migra- 
tion through the main-chain into phenyl 
groups and its energy is dissipated by the 
resonance strcture of phenyl radical. The 
mechanism of protective effect in the copoly- 
mer under consideration may be explained by 
above mentioned assumption. It may be rea- 
sonable that the siloxane copolymer in which 
the electron migrates easily through the main- 
chain -Si-O- is protected more notably by 
phenyl groups than the vinyl copolymer is 
protected. 

Therefore, it may be reasonably concluded 
that the range of protection by phenyl radical 
in the diphenyl siloxane can extend over five 
or six monomer units of dimethyl] siloxane. 
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Interpretation of Exciton Induced Luminescence in KI/T1 
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Department of Applied Physics, Osaka City University, Osaka 
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Details of the exciton induced luminescence in KI/Tl) are discussed. 
It is pointed out that the absorption coefficient at the long wavelength 
tail of the first characteristic absorption band of a single crystal of KI 
is much smaller than that of an evaporated polycrystalline film of KI, 
and then the complex shapes of excitation spectra of the exciton induced 
luminescences from T1l+ ion and a certain impurity are explained. Fur- 
thermore, a new weak absorption band is found in the long wavelength 
tail of the first exciton absorption band, which is infered to be due to 
the triplet-like state of the exciton. 


Some discussions are given on the problem of migration of excitons 


and the life time of 
10-® sec. 


Introduction 


§1. 

In the preceding work” the exciton induced 
luminescences (being denoted as E.J.L. in the 
following) from single crystals of KI/T1 have 
been measured at various temperatures for 
specimens of several concentrations of Tl* 
ion. It was concluded that excitons migrate 
through the crystal and transfer their energies 
to Tl* ions as well as to certain impurities, 
giving rise to their own luminescences. The 
excitation spectra for both E.I.L. were not 
simple and different from each other in shape. 
The absorption coefficient of the exciton 
absorption band is so large (~10°cm7!) that 
almost aJl of excitons are created just near 
the surface of the crystal and may decompose 
under the influence of the surface in some 
ways. Then the shapes of the excitation 
spectra should be analysed in connection with 
the absorption coefficient of the exciton absorp- 


the exciton is estimated to be much longer than 


tion band. 

In the next place, concerning the life time 
of the exciton, it has been believed that the 
exciton should have the life time correspond- 
ing to dipole radiation, that is, 10-8 sec in the 
order of magnitude”). On the other hand, 
Takeuti®? has shown from his _ theoretical 
calculation that there are singlet and triplet 
states of the exciton band. Then if the singlet 
exciton which can be created with irradiation 
of ultra-violet light would drop into the triplet 
state in the course of migration through the 
crystal, it might obtain a rather longer life 
time because of its forbidden nature in transi- 
tion to the original ground state. 

In the present paper, some discussions will 
be given on the above two problems as well as 
on the temperature-dependence of E.I.L which 
was observed in the preceding work”. 
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§2. Exciton absorption band of KI 


The absorption coefficient of the first chara- 
cteristic absorption band of KI has been 
measured by several authors’. At liquid 
nitrogen temperature, it has values of about 
1x10°cm- at the peak of the band, that is, 
214my, and about 1x10°cm-! at 216 my, and 
the shape of the absorption band seems to be 
symmetric at least in the middle region of the 
band. However, these measurements were 
carried out for thin polycrystalline films which 
were evaporated on appropriate substrates. 

On the other hand, a few measurements 
have been carried out for single crystals only 
in the region of the long wavelength tail of 
the absorption band®). Although the values 
of absorption coefficient in this region differ 
from specimen to specimen, they do not seem 
to exceed 10?cm-! in the order of magnitude 
at about 216myz. Some examples of the 
absorption coefficients are shown in Fig. 1. 


(cm!) 


coefficient 


Absorption 


0 = 0 
190 200 210 220 230 240 250 
Wavelength (my) 


Fig. 1. The absorption coefficients of a single 
crystal (solid line) and thin polycrystalline film 
(broken line) of KI. a: at liquid nitrogen tem- 
perature and b: at room temperature. The left 
and right ordinate scales are for the broken and 
solid lines respectively. The magnitude of the 
left one was estimated roughly. 


It is remarkable that the absorption coeffici- 
ent of a single crystal in the long wavelength 
tail is smaller than that of a thin polycrystal- 
line film by the order of 10° or so. In the 
wavelength region shorter than the peak of 
exciton absorption band, the absorption coeffi- 
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cient of a single crystal was so high* that it 
could not be measured. Perhaps its value 
might be larger than 10%cm-! at least. 

The absorption coefficients of alkali halides 
have been usually obtained for thin polycrystal- 
line films of 100~1000 A in thickness. Heller 
and Marcus" have pointed out that the dipole- 
dipole interaction which is the most important 
in the configuration-interaction of excitons in 
alkali halides is very sensitive to the size of 
the crystal. If the crystal has dimensions 
smaller than the spread of the exciton wave 
packet, the exciton may alter its nature, 
making the position and shape of the exciton 
absorption band to be changed. In the case 
of KI, the position of the exciton absorption 
band actually varies with the thickness of the 
specimen”). 

In view of these facts, the shape of the 
excitation spectra of E.I.L. which were 
measured in a single crystal shall be analysed 
on the stand point of very small absorption 
coefficients in the long wavelength tail of the 
exciton absorption band. 


§3. Excitation spectra of E.I.L. 


Examples of the excitation spectra of E.I.L. 
are shown in Fig. 5 in the preceding paper”. 
In the present paper, the excitation spectra 
of E.I.L. near the peak of the exciton absorp- 
tion band which were measured with a fine 


20 


Intensity of luminescence 


210 220 210 220 


Wavelength 
Fig. 2. The excitation spectra of E.I.L. from TI* 
ion (left figure) and a certain impurity (right 
figure) at -210°C. TIl* ion concentration iSpilex< 
10!6/em?. Band pass is 6A at 220myz. The 
step pointed by an arrow corresponds to the 
weak absorption band discussed in §7. The 
maximum at 224 my in the left figure is due to 
the localized exciton around a TI* ion. 


(my) 


* The present author is indebted to Dr. T. Onaka 
for this measurement. 
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band pass of 6A at 220 my are shown in 
Fig. 2. 

The dominant properties of the excitation 
spectra are as follows. There is a minimum 
at the position of the peak of the exciton 
absorption band, that is 214my* at liquid 
oxygen temperature. With increase of tem- 
perature, the position of the minimum moves 
to the longer wavelength side along with the 
peak of the absorption band. Further, a step 
is seen at about 202 my which may correspond 
to the second weak absorption band at 200 my 
in Fesefeldt’s measurement. The position 
of the first maximum, that is about 216 myp*, 
lies in the region of the long wavelength tail 
of the exciton absorption band where the 
absorption coefficient is as small as 10?cm7! 
as mentioned in §2. As for the second 
maximum in the excitation spectra, its position 
corresponds to the region of the minimum in 
the exciton absorption bands, that is about 
206my. (See Fig. 1.) 

In the present measurement the thickness 
of the specimen is about 2mm, so that almost 
all of the incident light is absorbed in the 
crystal when the absorption coefficient exceeds 
about 30cm7!. Then if the quantum yield of 
E.I.L. is constant the shape of excitation 
spectrum should be flat in the middle region 
of the exciton absorption band. However, the 
higher is the absorption coefficient, the smal- 
ler is the intensity of E.I.L.; so it is inferable 
that the exciton decomposes preferentially in 
the vicinity of the surface of the crystal just 
as in the case of Apker and Taft’s experi- 
ment®. In the region of the long wavelength 
tail where the absorption coefficient is smaller 
than 10?cmq, the intensity of E.I.L. may 
be proportional to the absorption coeffici- 
ent, resulting a maximum in the excitation 
spectrum between the regions of very small 
and large absorption coefficients. The first 
maximum in the excitation spectrum which 
lies at about 216 my corresponds to the above 
maximum. 

As shown in Fig. 2 a flatted top is seen at 
the above maximum point. Therefore, almost 
all of the incident light is absorbed at this 
wavelength, and the exciton is created deep 


* At about 60°K, the position of the exciton ab- 
sorption peak moves to about 212.5 my and that of 
the first maximum in the excitation spectrum to 
about 214 mu, 
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in the interior of the crystal, being freed 
from decomposition under the influence of the 
surface of the crystal. In the preceding 
paper we have employed the intensity of 
luminescence at this wavelength as the inten- 
sity of E.I.L. This choice seems to be right 
in order to obtain the proper yield for E.I.L. 

As for the excitation spectrum for E.I.L. 
from the unknown impurity (being denoted 
as D impurity in the following), it is different 
from that from Tl* ion in shape. The position 
of its first maximum lies at a little shorter 
wavelength than that for the latter and the 
intensity at its second maximum is higher 
than that at the first maximum in contrast to 
the case of E.I.L. from Tl* ion. On the stand 
point that the exciton migrates through the 
crystal, eventually meeting both Tl* ion as 
well as D impurity, the above facts are only 
understood by assuming that D impurities 
exist preferentially near the surface of the 
crystal in constrast with Tl* ion which distri- 
butes uniformly in the crystal. If the absorp- 
tion coefficient is large, the exciton is created 
for the most part near the surface of the 
crystal, while in the case of smaller absorp- 
tion the exciton is created deep in the interior 
of the crystal. Therefore, the relative proba- 
bility of the exciton to meet a Tl*+ ion and 
D impurity differs according to the absorption 
coefficient. 

In Fig. 3* the ratios of the intensities of 
E.I.L. from Tl* ion to that from D impurity 
are shown. In the larger absorption region, 
that is, the shorter wavelength region than 
the peak of the exciton absorption band, the 
ratio is rather weakly dependent of wavelen- 
gth. Accordingly, we may infer that the 
absorption coefficients in this region are rough- 
ly unchanged in the order of one or two, 
coinciding with the results of measurements 
on thin polycrystalline films mentioned in § 2. 

In the case of 2.7x101°/em? Tl+ ion concen- 
tration the ratio is nearly unity at the wave- 
length of 212.5 my where the absorption coeffi- 
cient is about 1x10°cm~, so the mean con- 
centration of D impurity in the depth of 
10-°cm from the surface of the crystal may 
be equal as the concentration of Tl*+ ion, that 
is 10'°/em* in the order of magnitude. With 
decrease of the absorption coefficient the value 


* Fig. 3, 4 and 5 are obtained from the measure- 
ments reported in the preceding paper, 
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of the ratio increases and then the concentra- 
tion of D impurity decreases towards the 


COO 204s 208 212 e216. 220 
Wavelength (mp) 

Fig. 3. The ratios of the intensities of E.I.L. 
from Tl* ion to that from D impurity at about 
-215°C. Tl* ion concentrations are a: 2.7~x 
1019/cm3, b: 5.7x10!8/cm3, c: 7x10!7/cm3 and 
d: 4.2 x 1016/cm3. 


interior of the crystal. As mentioned in the 
preceding paper, at the wavelength of the 
first maximum in the excitation spectrum the 
intensity of D emission is roughly equal to 
that of Tl* emission in the specimen of 101°/ 
cm? Tl+ ion concentration. In the other words, 
the apparent concentration of D impurity is 
10'*/cm? in the order of magnitude in the deep 
interior of the present crystal. 

Recently Teegarden and Weeks” have re- 
ported that D impurities are to be attributed 
to F centers which are created by the exciton 
from negative ion vacancies near the surface 
of the crystal. Their conclusion is just coinci- 
dent with the present result. 

Furthermore, the step in the excitation 
spectrum for E.I.L. at 202 mz may be perhaps 
attributed to a kind of the exciton absorption 
band and not to an absorption band due to 
band to band _ transition. The induced 
luminescence at this wavelength shows no 
distinct properties other than those of Ballsiat 
the longer wavelength region. 
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§4. Further discussions on the shape of the 
exciton absorption band 


The ratio of both intensities of E.J.L. 
mentioned in §3 increases abruptly towards 
the long wavelength region. (See F 15.3.) 0 
view of the difference between the distribu- 
tions of Tl* ion and D impurity, we can infer 
from the above result that the absorption 
coefficient at low temperatures varies from 
10°cm~ to 10?cm~! corresponding to just a 
little change of wavelength from 212.5 my to 
214my. This conclusion is coincident with 
the new information concerning the absorption 
coefficient of the exciton absorption band 
obtained in §2. Thus the shape of the exciton 
absorption band of a single crystal seems to 
be completely asymmetric. Although measure- 
ments of absorption coefficients are rather 
difficult when the crystal is luminescent, the 
small absorption coefficient in the tail of the 
exciton absorption band observed by Teegarden 
and other authors” is confirmed by the above 
measurements of E.J.L. The asymmetry of the 
shape of the excitation spectrum near the 
region of its minimum shown in Fig. 2 also 
supports this conclusion, because the magni- 
tude of the absorption coefficient corresponds 
to the intensity of E.I.L. in the opposite 
direction. 

Toyozawa?” has analysed the shape of the 
exciton absorption band of KI by using the 
data for thin polycrystalline films obtained by 
Fischer’? and concluded that the lowest exciton 
band had its minimum at K:<0. (K is the wave 
number vector of the exciton.) From the 
present analysis, however, the minimum of 
the exciton band should lie at K=0 or K*0. 
Then the absorption in the shorter wavelength 
region than the peak of the exciton absorption 
band may be caused by indirect transition. 

In the next place, the influence of polishing 
the surface of the crystal was examined. Fig. 
4 shows the ratio of the intensity of E.I.L. in 
a crystal of which surface is polished with a 
sand paper to that in a annealed crystal. The 
value of the ratio increases at the positions 
of the maxima of the exciton absorption band, 
that is, 212.5 and 202myz; while it decreases 
at about 206 mz where the absorption coeffici- 
ent is rather small. As before mentioned, 
E.1.L. in the high absorption region has the 
smaller yield for the higher absorption coeffi- 
cient, so these results may mean that by the 
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procedure of polishing the magnitudes of the 
absorption coefficients at the maxima decrease 


200) (2045208 Wr 2lZecl6'e e220" 5 222 
Wavelength (mz) 
Fig. 4. The ratios of the intensities of E.J.L. in 


a crystal of which surface is polished with a 
sand paper to that ina annealed crystal for one 
hour at 400°C. TIl* ion concentration is 4.2 x 
106/cem? and temperature is —208°C. The solid 
and chained lines ane for E.I.L. from Tl* ion 
and D impurity respectively. 


and that at the minimum increases with even- 
tual increasing and decreasing of the intensity 
of E.I.L. respectively. 

Blackney and Dexter! have calculated 
increase of the edge absorption of alkali halides 
due to dislocations on the stand point that the 
deformation potential due to dislocations alters 
the energy of the exciton state to larger and 
smaller values, resulting increase and decease 
of absorption coefficients at the tails and the 
peak of the absorption band respectively. 

In view of the above facts, in a perfect 
crystal which has no dislocations the absorp- 
tion coefficient at the peak of exciton absorp- 
tion band may be much larger than in an 
evaporated polycrystalline film. Differences 
between the shapes of the exciton absorption 
band of a single crystal and thin polycrystal- 
line film are very interesting. The long range 
interaction such as dipole-dipole interaction 
may have a dominant role in the configura- 
tional interaction of excitons in alkali halides 
and then the surface of the crystal will have 


influences on tne electronic structure of the 
exciton. 


§5. Temperature-dependence of E.I.L. 

The temperature-dependence of E.I.L. has 
been described already in the preceding report. 
In the region of strong absorption, the larger 


Masao TOMURA 


(Vol. 15, 


is the absorption coefficient, the smaller is the 
intensity of E.I.L. as mentioned in §3, there- 
fore real properties of the temperature-depen- 
dence of E.I.L. can not be obtained from the 
intensities of E.I.L. at the positions of the 
minimum and second maximum of the excita- 
tion spsctrum. Thus the intensity of E.I.L. 
at the first maximum should be taken in order 
to discuss its temperature-dependence. Al- 
though both E.I.L. from Tl* ion and D 
impurity must be considered simultaneously 
in the discussion on the temperature-depen- 
dence of E.I.L. because of energy-transfer 
of the exciton to both centers, only E.I.L. 
from Tl* ion will be analysed easily, because 
Tl* ion distributes uniformly in the crystal. 

According to Teegarden and Weeks” the 
the origin of D impurities may be attributed 
to incipient negative ion vacancies in the host 
crystal. Therefore, though E.I.L. from D 
impurity quenches thoroughly at room tem- 
perature, the exciton itself may collide with 
the impurity, dissipating its energy even at 
higher temperatures. Then in the discussion 
of the temperature-dependence of E.I.L. from 
Tl* ion, the amount of energy which is dissi- 
pated to D impurities should be considered 
even at higher temperatures. 

The E.I.L. from Tl*+ ion decreases with 
temperature especially in cases of lower Tl* 
ion concentrations, while that from D impurity 
seems to increase with temperature, if the 
nature of thermal quenching is subtracted. 
(See Fig. 6 in the preceding report.) Concider- 
ing these results, the sum of energies which 
are transfered to Tl*+ ion and D impurity 
seems to show no temperature-dependence 
even in the case of lower concentration of Tl+ 
ion. In other words, the total amount of 
energy of the exciton which should be trans- 
fered to imperfections does not depend on 
temperature, though the intensity of E.I.L. 
from Tl*+ ion appears to depend on tempera- 
ture. 


In the case of higher concentration of Tl+ 
ion such as 10!"/cm? where D impurities have 
no role because of smaller density, E.I.L. 
from Tl* ion shows actually a weak tempera- 
ture-dependence. At the wavelength of the 
first maximum of the excitation spectrum, the 
absorption band due to the exciton and that 
due.to the localized exciton around TI* ion 
overlap a little with each other and the 
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amount of overlapping becomes greater with 
increase of temperature, because both absorp- 
tion bands show broadening with increase of 
temperature. Then the intensity of E.I.L. 
from TI*+ ion decreases with increase of 
temperature through decreasing of absorption 
due to the exciton. 

On the other hand, the above overlapping 
of both absorption bands is negligible in the 
case of lower concentration of Tl+ ion, so the 
temperature-dependence of E.I.L. from Ti+ ion 
must be explained by other reason. 

As the migration of the exciton in the 
crystal of KI has been concluded in the preced- 
ing work, the exciton may be considered to 
become thermalized in the course of wandering 
through the crystal. The yield of E.I.L. from 
Tl* ion 7 may be shown as 


ea fri 
tritfotfr 

Here, fri, fp and fr are frequencies of collision 
of the exciton with Tl*+ ion, D impurity and 
other imperfections such as dislocation, the 
surface of the crystal and etc. These frquenci- 
es should be represented as von where v is the 
velocity of the thermalized exciton, o the cross 
section of collision between the exciton and 
the above defects at which the exciton dissipa- 
tes its energy and m the densities of these 
defects. 

when an exciton comes to an I- ion next to 
a Tl*+ ion, it may be trapped around the Tl* 
ion after emitting some phonons* or move to 
the next I- ion. The former process will 
need a duration of about 10-!*** sec and the 
latter 10-4 sec. Therefore, the probability 
of trapping of the exciton around a Tl* ion 
may be about one tenth of that of moving to 
the next I- ion. The trapped exciton will 
transfer its energy to the Tl* ion through two 
center Auger transition of which the probabi- 


* In the preceding work, it was shown that the 
spectral distribution of E.I.L. from TI+ ion is the 
same as that of the emission in the Greek band 
due to TI+ ion and is different from that of emis- 
sion in the absorption bands at 233 and 244 my due 
to Tl+ ion itself. Then the moving exciton may be 
assumed to become trapped around a TI* ion before 
it transfers its energy to the Tl* ion. 

** The broadening of the exciton absorption 
band, that is 0.1 eV, at liquid nitrogen temperature, 
was assumed to be caused by the interaction of 
the exciton with phonons. 
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lity is about 10!/sec after calculation by 
Dexter and Heller, 

On the other hand, the trapped exciton 
around a TI*+ ion might become a moving one 
through a kind of activation process of which 
the probability will be represented as pe-®/*7. 
Here p is frequency factor of 3x1012/sec* 
and FE is the difference of energy between the 
states of the moving exciton and the trapped 
exciton around the TI+ ion. Thus om, the 
cross section of excitation of Tl* ion by the 
moving exciton, is 


0% 2 : 

Yrit pe-B/kr 
where o is the product of trapping probability 
of the exciton around a Tl+ ion mentioned 
before and the area covering the lattice spac- 
ing, that is, about 10-®cm?; and yz, the 
probability of the above two center Auger 
transition. 

Accordingly, 7 may be shown as 


1 
Tile ald 


no’ +n’'o 
oo NG 


OTl 


ys Vaal Ciena 


p e-AIKT | 
YTL 

The singly and doubly primed notations are 
for D impurity and the other imperfections 
respectively. Thus the yield of E.I.L. from 
Tl* ion has a similar nature to that of thermal 
quenching of normal luminescent materials. 
As n’o’, no” and no, are all equal in the 
order of magnitude and E is estimated as 0.04 
eV from the measurement in the case of 101°/ 
cm*® Jl* ion concentration, 7 may show the 
temperature-dependence in the range of tem- 
perature in the present experiments. (See 
Fig. 5) 

The Greek bands due to Tl* ion and F 
center lie at 224 and 238 my respectively, so 
the difference of energy between the exciton 
and these localized excitons are 0.25 and 
0.58eV respectively. As will be mentioned 
in the next section, considering the triplet- 
like exciton band through which the exciton 
migrates, the energy-differences between the 
electronic states of the moving exciton and 
the localized ones become much smaller. 
Further, the optical energy difference might 
be large than the thermal one, so the activa- 
tion energy of 0.04eV might be assumed to 
be the thermal energy difference. The 
electronic state of the localized exciton around 


nae The residual absorption of KI lies at 102 u. 
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a F center (being denoted as D impurity in 
this paper) is deeper than that around a TI* 


Intensity of luminescence 


6S 9 NOsImM2NS 4S a6 


L/ tek [Onto ee} 

Fig. 5. The temperature dependence of the intensi- 
ty of E.I.L. from TI* ion. Tl+ ion concentrations 
are 2.7 x 10!9/cm?, 5.7 x 1018/cm3, 7 x 10!7/cm3 and 
4.2 10!6/cm*® in order from the upper side. 


ion, so o may be considered to be insensitive 
to temperature in the region of the present 
measurement. 

If the yield of E.I.L. from Tl* ion decreases 
with increase of temperature, the yield of 
E.I.L. from D impurity may show the reverse 
temperature-dependence, because the total 
energy of the exciton to be transfered to 
imperfections is independent of temperature 
as mentioned before. However, the latter 
yield also decreases at higher temperature 
because of its nature of thermal quenching. 


§6. Quantum yield of E.I.L. and life time 
of a moving exciton 


As shown in Fig. 5 in the preceding report, 
in the case of lower concentrations of Tl* ion 
such as 10!°~101"/cm’, the sum of the intensi- 
ties of E.I.L. from Tl*+ ion and D impurity 
at the second maximum of the excitation 
spectrum attains quantum yield of nearly 
unity, while that at the first maximum is 
smaller about two or three times than the 
former, Although the exciton is created deep 
in the interior of the crystal under irradiation 
at the wavelength of the first maximum, 
there may exist some impurities at which the 
exciton dissipates its energy, the amount of 
which is estimated to be about 10!*/cm? in the 
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order of magnitude in refering to the concen- 
tration of Tl+ ion. The fact that the yield 
at the second maximum is very high inspite 
of the possibility of destruction of the exciton 
near the surface of the crystal should be 
attributed to the localization of D impurities 
near the surface of the crystal. 

Thus the intensity of E.I.L. from Tl* ion 
is reduced by the overlapping of the exciton 
absorption band with the absorption band at 
224 my in the case of very high concentration 
of Tl+ ion and by the presence of the other 
imperfections in the case of lower concentra- 
tion of Tl* ion, so the observed value of the 
yield of E.I.L. from Tl* ion, that is 40%, 
seems to be apropriate for the migration of 
the exciton. 

As the original reagent of KI involves a 
little amount of Tl* ion, the present single 
crystal of KI contains already 5x10'*/cm? of 
Tl* ion without intentional adding of TI. 
The E.I.L. from Tl* ion can be observed even 
in these crystals. Then the frequency of the 
interaction between the exciton and Tl* ion 
von can be estimated to be of the order of 
10°/sec by assuming the effective mass of the 
moving exciton to be the free electron mass 
and o to be 10-%/cm?. The corresponding 
life time of the thermalised exciton, that is 
10-° sec, is much longer than the one which 
has been convinced to be 10-* sec for the 
exciton”, 

It has not been found that the exciton in 
KI does emit its own edge luminescence after 
annihilation. The above conclusion may well 
explain this fact. After creation of an exciton, 
it may drop into the triplet like state which 
has a very small transition probability to go 
back to the original ground state. 

On the other hand, it has been known that 
the exciton in CdS does emit its edge lumi- 
nescence, The exciton in this case is of 
hydrogen like type, so the energy difference 
between the singlet and triplet states may be 
very small against the case of KI, because 
of a rather small exchange energy. Then the 
population of the exciton in the singlet state 
may be large, eventually leading a large 
transition probability to go back to the ground 
state through emitting normal dipole radiation. 
These explanation may be the reason for the 
exciton whether it emits own edge lumi- 
nescence or not. 
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In Fig. 2 steps at about 216m» are found 
in the excitation spectra for E.J.L. from Tl+ 
ion and D impurity. As they appeare in the 
tail of the exciton absorption band where the 
absorption coefficient is small, they might be 
due to an impurity of some kind. The step, 
however, is observed in both excitation spectra, 
so the excitation at the step seems to show 
- transfer of excitation energy to Tl* ion as well 
as to D impurity. Furthermore, the spectral 
distribution of the emission at the step is the 
sames as the one at the first maximum of the 
excitation spectrum of E.I.L. as shown in 
Fig. 6. 


A new exciton absorption band of KI. 


ry unit) 


iS 


Intensity of luminescence (arbitra 


©3460 360 380 400 420 440 460 480 500 


Wavelength (my) 

Fig. 6. The spectral distributions of emission 
bands under irradiation of lights 218 (a), 216 (b) 
and 214myp (c) at —204°C. TI* ion concentration 
is 5x 10'/cm*. These emission bands are compo- 
sed of E.I.L. from Tl+ ion as well as D impurity. 


Accordingly, the step should not be attribu- 
ted to an particular impurity. However, the 
most probable kind of impurities in KI such 
as Nat ion might be the cause of this weak 
absorption band, because the localized exciton 
around Nat ion might become the moving one in 
some cases. Fig. 7 shows the excitation spectra 
for E.I1.L. from D impurity in pure KI and 
KI/Nal single crystals. In the case of 2 x 10-?mol 
Nal concentration, another minimum appeares 
in the excitation spectrum at 215.5 my in addi- 
tion to the minimum which corresponds to the 
peak of the exciton absorption band lying at 
212.5my. The former minimum corresponds to 
the absorption due to the localized exciton 
around Nation. On the other hand, the peak of 
the exciton aborption band of pure Nal lies at 
222 mu. Accordingly, in the case of the 
present KI single crystal which may contain 
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Nat ion by the amount of 10’~10'8/cm3 the 
absorption due to Nat ion will not lie at the 


fo) 


Intensity of luminescence (arbitrary unit) 


200 


2lo 
Wavelength (my) 


220 


Fig. 7. The excitation spectra for E.I.L. from D 
impurity in KI (upper figure) and KI/Nal of 2x 
10-2 mol Na? ion (lower figure) at —~205°C. The 
dotted and solid arrows point the wavelengths 
corresponding to the peak of the exciton abso- 
rption band of KI and that of the absorption 
band due to the localized exciton around a Nat 
ion respectively. Band pass is 6A at 220 My. 


region of 216 my where the new weak absorp- 
tion has appeared, but may lie at a shorter 
wavelength. Therefore, the new weak absorp- 
tion band might correspond to a transition to 
a kind of exciton bands. As seen in Fig. 2, 
the intensity of E.I.L. at the step is a fraction 
of the intensity at the first maximum of ex- 
citation spectrum, so the order of the value 
of absorption coefficient of the new absorption 
band is estimated to be 10?cm7!. In viewing 
of such a small absorption coefficient, the new 
absorption band might be attributed to a 
transition to the triplet like exciton band. 
Considering the spin-orbit coupling in the 
calculation of exciton bands in KI, singlet and 
triplet states will not be obtained as good 
quantum states. However, singlet like and 
triplet like states might be obtained. Good- 
man and Oen™ has calculated the electronic 
states of excitons in alkali halides considering 
the spin-orbit coupling, and obtained an 
absorption band of very small absorption 
coefficient at a wavelength a little longer than 
the familiar strong absorption band. The new 
weak absorption band might correspond to the 
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above absorption band calculated by Goodman 
and Oen. 

The author thanks Prof. T. Muto for his 
interests in this work and Dr. Y. Toyozawa 
for his discussions, and is also indebted to 
Messrs. Y. Kaifu and M. Yamakawa for their 
helps in the measurements. 


References 


1) M. Tomura & Y. Kaifu: J. Phys. Soc. Japan 
15 (1960) 1295 

2) F. Seitz: Rev. Mod. Phys. 23 (1951) 328 

3) Y. Takeuti: Prog. Theoret. Phys. 18 (1957) 
421 

4) H. Fesefeldt: Z. Phys. 64 (1930) 680 
F. Fischer: Z. Phys. 139 (1954) 328 
K. J. Teegarden: Phys. Rev. 108 (1957) 660 
W. Martienssen: J. Phys. Chem. Solids 8 
(1959) 294 


Masao TOMURA 


(Vol. 15, 


5) P.‘H. Yuster & C. J. Delbecq; J. Chem. Phys. 
21 (1953) 892 
K. J. Teegarden: Phys. Rev. 105 (1957) 1222 
6) W.R. Heller & A. Marcus: Phys. Rev. 84 
(1951) 809 
7) F. Fischer: Z. Phys. 139 (1954) 328 
8) M. H. Hebb: Phys. Rev. 81 (1951) 702 
9) K. J. Teegarden & R. Weeks: J. Phys. Chem. 
Solids 10 (1959) 211 
10) Y. Toyozawa: Prog. Theoret. Phys. 20 (1958) 
53 
R. M. Blakney & D. L. Dexter: Rep. Conf. on 
Defects in Crystalline Solids (Bristol) (1954) 108 
D. L. Dexter & W. R. Heller: Phys. Rev. 84 
(1951) 377 
E. Grillot & M. Bancie-Grillot: J. Phys. Chem. 
Solids 8 (1959) 187 
B. Goodman & O.S. Oen: 
Solids 8 (1959) 291 


11) 
12) 
13) 
Chem. 


14) Joey. 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 8, AUGUST, 1960 
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The two-dimensional and the axially symmetrical jets of a perfectly 
conducting inviscid gas in the presence of a magnetic field parallel to 
the stream are investigated on the basis of the linearized theory, when 
the jets are governed by the supersonic hyperbolic equation. To this 
approximation, the fundamental equations and the boundary conditions 
are found to agree in their forms with those in the ordinary gasdynamic 
case, except for some parameters. Therefore, it is possible to obtain 
the solutions at once by making suitable substitution of the parameters 
in the well-known solutions for the gasdynamic case. 

However, when the surrounding flow is governed by the subsonic 
hyperbolic equation, the circumstance is somewhat different from the 
gasdynamic case because disturbances in the surrounding flow propagate 
along the upstream characteristics. The structure of such a jet in the 
two-dimensional case is re-examined from the view point of reflection 
and refraction of a weak plane shock wave incident upon an interface 
between two streams. 


Introduction 


Sai i 

Let a jet issue as a uniform, parallel stream 
from a nozzle of a semi-width (or radius in 
axially symmetrical jet) Y with Mach number 
M:, velocity U1, density 1, and pressure pi; 


let it issue into a fluid at rest or into a uni- 
form stream in the same direction as the jet, 
with Mach number M2, velocity U2, density 
fz, and pressure ~2. (see Fig. 1) In this 
paper, we shall only be concerned with the 


| 
; 
| 
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case in which the governing equation is of 
supersonic hyperbolic type in the domain of 
the jet, so that the external disturbance does 
not propagate upstream into the nozzle. The 
motion is supposed to be steady, and heat 
conduction as well as viscosity are neglected. 
The jet and the surrounding fluid are assumed 
to be an ideal gas with the ratio of the 
specific heats 7, permeability w, and infinite 
conductivity. In the following, we consider 
two cases; (1) a magnetic field parallel to the 
stream is imposed on the jet only and (2) a 


4 


surrounding fluid 


IHe= ( He,0] He = (Hal l+hxe), He hy2} 
Me,Az W2=[ Ve,0) V = [VelI+ua), Vavg) 


Pz Po y Poli+ Ps) Pe(I-+ 5) 


Hi= [41,0] IH: =(H, (I+hx), Hihyi] 
MA; Wi= {Vi,0) Vi =(Va(I+u), Vevi] jet 

—— > EEE 

a Plt P/) A(I+ Pp) 


(1) 


(2) 
Bight: 


magnetic field parallel to the stream is im- 
posed on both the jet and the surrounding 
fluid. The difference of the total pressures 
in the uniform streams gi—q2 is assumed to 
be small compared with q:, where g=p+ 
(uH?/8x), p and H denote respectively the 
gasdynamic pressure and the intensity of the 
magnetic field. (Suffices 1 and 2 refer respec- 
tively to the jet and to the surrounding fluid.) 

In addition, we assume that the flow and 
the magnetic field are nearly uniform, so that 
we may linearize the fundamental equation 
as well as the boundary conditions on account 
of small perturbations. The resulting equa- 
tions are found to have the same forms as 
those for the gasdynamic case (with no mag- 
netic field), except for some constant para- 


Magneto-Gasdynamic Jet 


1517 


meters. Since the corresponding gasdynamic 
problems have already been investigated by 
several writers,”®) we can obtain the solution 
of the present problem at once by making 
suitable substitution (or interpretation) of the 
parameters in the previous investigations. 
However, when the surrounding flow is 
governed by the subsonic but hyperbolic equa- 
tion, the circumstance is different from the 
ordinary gasdynamic case in that the distur- 
bance there propagates along the upstream 
characteristics. In order to clarify the charac- 
ter of such a jet in the two-dimensional case, 
the reflection and refraction of the magneto- 
gasdynamic shock wave incident upon the 
interface of two streams are also investigated. 


§2. Fundamental Equations and Boundary 
Conditions 


The fundamental equations for the present 
problem may be written in the forms: 


div (ov)=0 
div H=0 
rot wx H)=0 


(v grad v= id, grad p + rot Hx H 
0 Axo 


| 
! 


ss 
Ky} 
as 


(1) 


where v, JH, p and p are velocity, intensity 
of magnetic field, pressure, and density, re- 
spectively. 

In Egs. (1), writing v=[U(1+u), Uv], [H= 
[H(1+hz), Hhy], 0=01+0’), p=p(1+p’), and 
x/Y-x, y/Y->y, we assume that u, v, hz, hy, 
p’, and p’ are all small compared with unity, 
and we neglect squares and products of these 
quantities, thus obtaining the equations: 


he=(1—M?)u hy=v ! 

0’ =—M*u p=r0’ 
A?—1 Ov Ou 

M?+A*—1 0x Oy 

Ov ov 

dy y 

where A= U(uH?/4x0)-'/? denotes Alfvén num- 

ber and the index o takes the values 0 or 1 

according as the jet is two-dimensional or 


axially symmetrical. The relations (2) show 
that the magnetic field is frozen in the fluid, 


(2) 


=0 


Gp 


Als Ou — 
ig 0x 
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Introducing the potential ¢ of the disturbance 
velocity, defined as 
A’—-1 0¢ 
= = 4 
MERA Gplcow, Taya. ois tc 
we obtain from (3) the fundamental equation 
for the present problem: 
WE =D A Oo Oe. 10 0¢ 
M?+A?—-1 Ox? Oy? yy Oy: 
This is nothing but the Sears-Resler equa- 
tion”. The field of flow is of elliptic or of 
hyperbolic character according as (M?—1)(A? 
—1l/(M?+A?—1) is negative or positive. 
Change of the type of the flow field is shown 
in Fig. 2. 


U 


(5) 


A 


>M 


Fig. 2. Change of the type of Eq. (5). Blank and 
shaded areas are respectively elliptic and hyper- 
bolic. 


Since the flow is symmetrical about the 
axis of the jet, it is sufficient to consider 
only the upper half of the flow and magnetic 
fields. 

The boundary conditions for the present 
problem then are expressed as follows. 

1) The y-component of the velocity vanishes 
on the axis of the jet: 

O¢1 
Ox in 

2) The total pressure is continuous across 

the boundary of the jet: 


for y=0°. (6) 


: 2 
gi— aU Pu + TN = 2—02U 2742+ ae he» 
a7 dr 


for 420) ged C7) 
where gi: and g2 are the total pressures in 


the uniform streams. Since g:1~%q2, we may 
obtain 
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02 U2? 12. M2 A:?(7y¥Mi? +2A3?) 
pt U?? ty M2 Ar(7M:? +2 A>?) x 
Inserting this relation together with (2), (4) 
into Eq. (7), we get 
O¢1 et. M,?(A:?— 1) (7*¥M:? +2A:?) 0¢2 
Ox M,2(A:?—1) (7M? +2A2?) Ox 


A? qi—q Ps 
= ———_ *+—_—* for «>0, y=1. 
A?—-1 qu? - 
3) The direction of the flow is continuous 


across the boundary of the jet: 
Obs _ 06: (8) 
dy oy 
4) As the condition at the exit of the noz- 
zle, we assume undisturbed, uniform flow: 


Obs ORO (9) 


= fod +7=0; 0=yRal* 
Ox ody ~ 
5) For the conditions at infinity, if the 
surrounding stream obeys an elliptic type 
equation, the disturbance should vanish there: 


bs 86: 
Ax and ay —>0 


On the other hand, if it obeys a hyperbolic 
type equation, any small disturbance propa- 
gates along the characteristics and there 
should be no disturbance in front of the 
leading characteristic starting at the edge of 
the nozzle wall. 


&ie, 


LOGE Oe vee 


for yoo. (10) 


§3. Formulae of the Substitution 


The results obtained in the preceding sec- 
tion differ from the ordinary gasdynamic case 
in three points: the definition of the velocity 
potential (4), the equation of flow (5), and the 
condition (7’) for the continuity of the total 
pressure across the boundary of the jet. 

In order to contrast the magneto-hydro- 


dynamic and gasdynamic cases, we shall 
adopt the following abbreviations: 
for the jet, 
20d: Od: oo Od: 
ay —— — = 
bead Oy? y Oy 
(Mi? —1)(A:?—1) 
2— 
Sm Vein oar 
for the surrounding fluid, 
+a;? Aa ak A Dy 
Ox Oy? y Oy 
(M.?—1)(A2?—1) 
A? = | ————__——__ 
2 iF RE eS (12) 


(where signs = are taken according as 


1 
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(M2? —1)(A2?—1)/(M2?+ As?—1)=0), and for the 
condition of continuity of total pressure across 
the boundary of the jet, 


991g Obo_ 
Ox ‘ Ox are 
= MAL VGME+2A) yay 
MX(A2—1(7M2+2A2) 
= et gid 
Ay 0iU? ; va 


All these reduce of course to the expres- 
sions in the ordinary gasdynamic case by 
taking the limit A—oo (H->0). Namely, in 
the gasdynamic case, 


a’?v=M?-1- +a?=M,?—-1 
M.2 Ppi— po (15) 
ce €=fh 
B MM?’ moe 


Then, it will be seen that we can obtain at 
once the solution for the present problem by 
substituting the generalized expressions (11) 
~(14) for the corresponding parameters (15) 
in the ordinary gasdynamic solution. Since 
a; as given by (11) is assumed to be positive 
in the present paper, various values of M,.?—1 
and (fi—p:2)/0:Ui2 considered in the gasdy- 
namics may cover the possible values of a,’ 
and &€ in the present problem. As to £8, on 
the other hand, there occurs only the case 
8>0 inthe gasdynamics. In the present pro- 
blem, however, the case 8<0 may also occur. 
This is peculiar to the magneto-gasdynamic 
jet. 


§4. Main Results 

In this section, we summarize the main re- 
sults obtained by making use of the formulae 
for the substitution stated in the preceding 
section. To do this, we shall designate, for 
shortness, as “Case I” the case in which the 
magnetic field is imposed only on the jet: and 
as “Case II” the case in which the magnetic 
field is imposed on both the jet and the sur- 
rounding fluid. We also designate as sup, 
Hsuv, Esup, and Heup respectively the subsonic 
elliptic regions (I) and (V), the subsonic hyper- 
bolic region (II), the supersonic elliptic region 
(IID), and the supersonic hyperbolic region 
(IV) in Fig. 2. 


Two-dimensional jet 


1) Jet issuing into a fluid at rest 
Case I The jet has a periodic structure. If 
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we express the boundary of the jet by y= 
Y(1+F(«)] (F(*) has the same meaning in 
the following) 


F(x*)=aEH (x; 4a) (16) 
where H(x; 2T)= . (<*<T) is a 
ae ES al Seay ES) 


triangular wave function. The amplitude a 
and the wave length 4 are given by 
(Mi? —1)A:? GiaaGe 
M2+A?2—1 aU? ; 
Aad, =4)/(MiE— AED 
M?2+A?—-1 : 
Case II The boundary of the jet is given by 


a=a~E= 


(17) 


F(e)=ax6}1— s (—1)"C, sin 0- cos Te 


ay 
(18) 
where C, must satisfy the equation 


> Cr(O+nz) cos (6+nz)y=1 


and d=tan-'a,/f. In this case the jet has 
almost periodic structure, which is similar 
to a supersonic jet issuing into a uniform 
subsonic stream in the ordinary gasdynamics.” 
As a first approximation, the wave length of 
this (almost periodic) jet is given by 
~ 2H 

Ac ee (19) 
2) Jet issuing into a uniform subsonic stream 
Case I The jet has almost periodic structure. 
Case IIT When (M2, Az) is a point in Egup, 
the jet has almost periodic structure. 

When (M2, Az) is a point in Hsu, the 
circumstance is somewhat different from the 
ordinary gasdynamic case. Namely, the dis- 
turbance in the surrounding stream propagates 
in this case along the upstream character- 
istics. (The reason for this phenomenon is 
described in §5.) However, we may adopt 
the method of solution similar to that given 
in Ref. 3 (a supersonic jet in a uniform super- 
sonic stream in the ordinary gasdynamics) by 
using the new coordinate system (see Fig. 1- 


(2)); 
E=x—cot 0-(y—1), y=cosec d-y 
for O<y<l 


(20) 
£=x-+cot 6-(y—1), y=cosec O-y 
for y>l 
where we must take @ as cot@>a:. In this 


case, we may define the reflection factor R 
as the ratio of the amplitude of the reflected 
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wave (the coefficient of the third term in 41) 
to that of the incident wave (the coefficient 
of the first term in ¢,), and the transmission 
factor T as the ratio of the amplitude of the 
transmitted wave (the coefficient of the second 
term in ¢2) to that of the incident wave. 
These factors are calculated to be 

= B + (a2/a1) a 2 

~ B—(a2/a) ’ — B—(a2/a) * 
Here, we may notice that 8<0 and hence 
|R|<1. Putting t=x/a,, the boundary of the 
jet is given by 


R (21) 


_ _ H102E 
maid ANE: 


© i! -(1-R) Re\(¢—2n)-u(t—2n)} 


is the unit step func- 


(22) 


oii Geto) 
where u(t =H) (t>to) 
tion. Thus, for R>0O the jet experiences 
monotonous expansion or contraction, attain- 
ing asymptotically another uniform state in 
the downstream passage; and for R<0 it ex- 
periences a damped oscillation. 

3) Jet issuing 
stream 
Case I The structure of the jet is similar to 
that of a supersonic jet in a uniform super- 
sonic stream in the ordinary gasdynamics. 
The reflection factor R and the transmission 

factor T are given as follows: 


Ra Ba leelan) s 2 
B+(a2/a) ’ B+(a@2/a1) © 


Here, it may be noted that B>0 and |R|<1. 
The boundary of the jet is given by 


into a uniform supersonic 


(23) 


A1A2E 
(a@2/a1)+B 


x |f-G-B)E Ret 2n)-ult—20)| (24) 


OG) —— 


Thus, the jet experiences expansion or con- 
traction, which damps out steadily or in oscil- 
lation according as R>0O or R<0. 

Case IIT If (Mz, Az) belongs to Esup, the jet 
has the almost periodic structure. If (Mz, A») 
belongs to Hsup, it experiences expansion or 
contraction damping steadily or in oscillation. 


Axially symmetrical jet 
1) Jet issuing into a fluid at rest 

The boundary of the jet, interpreting the 
gasdynamic case”), is expressed as 
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Maco ETS 
at 2 {1 42 (aikn)* 


where kn is the root of the following equation: 
a: Ki(a2kn) Jo(aikn) — 28 Ko(aikn) Ji(a@ikn)=0 : 

(26) 

2) Jet issuing into a uniform subsonic stream 

In Case I always and in Case IT, if (M2, A2) 
belongs to Esup, the jet has similar structure 
ase: 

In Case II, if (M2, Az) belongs to Hsu, 
using the coordinate system given by Eq. (20), 
we can follow the procedure given in Ref. 3 
for treating the jet surrounded by a uniform 
supersonic stream (in the ordinary gasdy- 
namics). Thus, putting x/ai=t, a2/a,=a, and 
a/B=k, the asymptotic form of the boundary 
may be expressed as 


cos Rnx t (25) 


ay?E a 

= ie 
F(x) 9 id Op 
— 32 ha) BE + ‘ for ft-0o 

1 1—ka 

=a,’Ek 2 
F(n)sasteh oy tt da(l-+hy 

(hay shit ay 

= 48a*(1 +B) B+ jas¢h for t-0. 


(27) 
Here, it may be noted that P<0 and k<0. 
3) Jet issuing 
stream 

In Case I always and in Case II, if (M2, As) 
belongs to Hsup, the jet is similar to the 
supersonic jet surrounded by a uniform super- 
sonic stream in the ordinary gasdynamics?). 
The asymptotic form of the boundary may 
be given by Eq. (27), with k>0. 

In Case II, if (M2, Az) belongs to Esup, the 
jet will have similar structure to 1). 


into a uniform supersonic 


§5. Reflection and Refraction of a Weak 
Plane Shock Wave at the Interface be- 
tween Two Streams, and the Structure 
of the Two-Dimensional Jet of a New 
Type 

In order to obtain deeper understanding of 
the structure of the new type jet which ap- 
pears when the field is two-dimensional and 
the surrounding flow is governed by the sub- 
sonic hyperbolic equation, we shall study the 
problem of reflection and refraction of a weak 
plane shock wave incident upon the interface 
between two streams. For this purpose, we 
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first solve the magneto-gasdynamic shock re- 
lations on the basis of a weak shock approxi- 
mation. 

The conditions for an oblique shock wave 
in a perfectly conducting gas in the presence 
of a magnetic field are given, with the system 
of reference in which the shock is at rest and 
the streamlines are parallel to the lines of 
force, as follows:” 


Hsin a=H’ sin B 

ov sin a=0’v’ sin B 

UH? 
7 


p+ov? sin? a+ cos? a 


2 
=p’+’v’ sin? B+ ae cos? B 
a . (28) 


(Dg (Ne 
ov— Ts ) sin «cos a 


2 
ty p’v’ — BH ) sin 8 cos B 

Ar 

pep, Nelwyse, je plalvl 

v= ies 
Phi pe" Deestgatid hae 
where a is the angle between the shock and 
the stream toward the shock and § is the angle 
between the shock and the stream behind the 
shock, and the quantities behind the shock are 


denoted by primes. If we put 
yaa tan B (29) 
tan a 


we obtain, after some calculation, the follow- 
ing equation for x: 

(7 +1)(A?—1)2M?x?+(A?--l{7+)DM? 
—2A*—(7—1)M? A?—(7M?+2A?) cot? a}x? 
—{(r—-1)+(2—7)A?}M? cot? ax 

—M? cot?a=0. (30) 
Once x is found, the other quantities may 
easily be determined by the following rela- 
tions: 


Fle ee SUNG Xen COU 
H? sin? 8 (1+cot?a)x? 
Avomln Atl 
AaeiiAts Aes 


= 4 in2 — 
pe a Pee 
Pp  M* Ach sin? & 

pb M” A? sin? B 

eds 


p BAY 


(31) 


Magneto-Gasdynamic Jet 


1521 


In addition to the above we must consider 
the condition that the entropy of the fluid 
must increase in passing through the shock; 
s—s={R/(r—1)}-In {(p2/p1)(01/02)"}>0. It is 
found from this condition that the shock 
originated at a concave corner must be in- 
clined to the upstream direction in case when 
the flow is governed by the subsonic hyper- 
bolic equation (Fig. 3). This suggests that 


Fig. 3. Oblique shock at concave corner. 


any small disturbance propagates into fluid 
along the upstream characteristic in this 
circumstance. Moreover, K. Tamada pointed 
out® that the stationary wave front in the 
subsonic hyperbolic flow may be interpreted 
as an envelope of the unsteady wavefronts of the 
so-called magneto-gasdynamic slow wave ema- 
nated from a point source at successive time 
intervals and this envelope is nothing other 
than an upstream characteristic. This peculiar 
property of the wave field in subsonic hyper- 
bolic flow may yield new types of jet in the 
present problem. 

Now, in Eq. (30), x=1 is seen to be a root 
for cot? a=(M?—1)(A?—1)/WM?+ A?—1). Also, 
let x=1+0 be the root corresponding to 
cot? a = (M? — 1)(A?—1)(1—&)/(M? + A?—-])), 
where 06, & are supposed to be sufficiently 
small. Then, with such a weak shock ap- 
proximation, Eq. (30) reduces to 


ap 2(M?—1)(M?+ A?—1) 
~~ M2{3(M?2—1)4+(7r+1)(A?2—-1)} 
and Eqs. (31) reduce to 


3 (32) 


H’ _sinta _, , M*—1A'-1), 
H? sin? B M? A? 
A” A?—1 
gae OT Aaah 
Mees» (A?—1){2+(r—-DM®} 
M2 i M?2A?2 
(A?—1) ae 
pb’ tA = 
| 0 
p ff At 
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Using these results, we can examine how a 
weak plane shock wave reflects and refracts 
at the interface between two streams. Since 
the shock is assumed to be so weak that the 
entropy change across it can be neglected, 
we need not distinguish the transitions by 
shock and by expansion waves. 

Let us consider a shock configuration as 
shown in Fig. 4. The conditions on the inter- 


Mi>I, Ai>I 


R 


Fig. 4. Shock reflection and refraction at an 
interface of two streams. 


face are that the total pressure as well as 
the stream deflection are continuous across 
it. Hence 


me es : 4,=4,—4’, . (34) 
Using Eq. (33) and 4=d/(cot a+tan a), these 
become as follows 


F.d2—Fid\/ =F, , —Gid2+G2d1’/=G26d1 (35) 


where F=(M?—1)(M?+ A?—1)/A2(7M?2+2A?) 
and G= M?A?/{(M?—1)(A?—)(M?+ A2-1) PH”. 
Hence, putting (F2G2+F:G:)/(P2G2—FiG:) = R’ 
and 2F\G:/(F:G2—F:G:)=T’, we get 


0/=R'0,, 0,:=T’0,. (36) 


Thus, we are able to distinguish the four 
different shock configurations for various 
values of M:>1, oY, Oe Ss & M2<1, Az<1 (Gat 
Fig. 5). 

The reflection factor R and transmission 
factor T, given by Eqs. (21), are related to 
the factors R’ and JT’ in Eqs. (36) as follows: 
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_ MP2AX%(Me+A?—) 7, 
~~ M2A2M2+ArP—-1l) ” 
(37) 
As expected, R is equal to R’, while T has 
the same sign as T’ since (M?+A?—l) is 
positive for the present case (subsonic hyper- 
bolic). Thus, when Mi, Ai (>1), M2, As 
(<1) and hence FR are given, we can find the 
structures of the two-dimensional jet of new 
type according to the considerations on the 
shock configuration stated above. They are 
shown schematically in Fig. 5. 


R=R’, i 


(4) 


Fig. 5. Structure of the two-dimensional jet of 


new type. (1) and (2) for R>O, (8) and (4) for 
R>0O. Full and broken lines represent re- 
spectively shocks and expansion waves. 


The writer wishes to express his hearty 
thanks to Prof. K. Tamada for valuable dis- 
cussion and kind inspection of the manuscript, 
and to Dr. T. Sakurai for valuable discussion. 
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Some Remarks on the Magnetogasdynamic Linearized Theory 
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The general theory of magnetogasdynamic linearized flow is extended 
to cover the case of unsteady flow in an arbitrary direction with respect 
to the magnetic field. This theory is also valid in the case when the 
frame is “ body axes” slightly inclined against the free stream direction. 
For the case of steady flow, quadratic expression for the pressure dis- 
turbance is derived. Some problems when weak electromagnetic inter- 
action exists are solved for illustration of the application. 


Introduction 


§1. 

In a previous paper” the author presented 
the magnetogasdynamic linearized theory for 
steady flow. Resler and McCune?) derived 
the linearized equations written in terms of 
electric current for unsteady flow. As pointed 
out by them the unsteady flow equations are 
very useful, because, the stability of the flow 
can also be investigated. Although Resler 
and McCune did not explicitly show the pro- 
cedure of appliation of their equations, their 
method seems to be more complicated than 
the present author’s method. First, they give 
an equation for the electric current. When 
the current has been obtained, then other 
variables must be found by integration of the 
differential equations for them. Second, their 
equation for the three-dimensional case is 
written in a vector form, which adds many 
inconveniences in solving problems. On the 
other hand, the present author’s equation is 
written in a scalar form even for the three- 
dimensional case. Once only one parametric 
function is obtained, the other quantities can 
be obtained by differentiation only. 

As illustration of the present author’s tech- 
nique, some problems when weak electro- 
magnetic interaction exists are solved, namely 
for a two-dimensional thin wing and for an 
axisymmetric body. These problems have 
been solved by previous authors, Sakuai® and 
Kusukawa” in their own ways. 

Kusukawa has given a quadratic expression 
for the pressure disturbance on the surface 
of a slender body*. In this paper the more 
general formula will be derived. 


§2. Symbols 
The symbols used in the present paper are 


the conventional ones and almost the same as 
those in reference” unless otherwise stated. 


§3. Extension of the Linearized Theory 


3.1 Extension of the theory 

In the present paper the general theory of 
magnetogasdynamic linearized flow will be 
established under the following assumptions. 

1) The usual magnetohydrodynamic assump- 
tions are valid. 

2) The flow is inviscid and thermally non- 
conducting. 

3) The fluid is a perfect gas. 

4) The electrical conductivity or the magnetic 
Reynolds number is arbitrary. 

5) The body which is either two- or three- 
dimensional makes small disturbance in 
the flow-and the electromagnetic-field. 
The undisturbed fields are uniform, where 
no electric current exists. 

6) The applied magnetic field may have all 
three components (Bar, Bay, Bx). 

7) Slightly unsteady motion with small angle 
of attack may be involved. The reference 
frame S(0- x,y,z) is considered as the 
“body axes” moving with the average 
velocity (nearly constant) of the body. 


ee a) 
Yi ere 
J = Un (deosat) sind) 


oy rez ile 


Configuration and Symbols. 


It is noted that the last two assumptions differ 
from the ones used in the previous work”. 

The basic equations are written in dimen- 
sionless form as follows: 
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div Eiy= ex ( 2 ) 
rot By=RnJ x ( 3 ) 
div B.=0 (4) 
204 diy (0x@x) =0 (6) 
ot 
of art (@u-P) |ae=—P act RSX Be) (7) 
i eal ay a ep) [Pe= —PxV Ox + RSI? (8) 
Px=0xT x (9) 


where t,=t=t/(Li.-!), Rn=eou.L and S=B..2/pai~®. All the other quantities marked 
with asterisk are dimensionless. On the other hand, the ones marked with bar are physical 
quantities having dimensions. The reference speed #. used in the present paper is the aver- 
age speed (nearly constant) of the body. Rm is called magnetic Reynolds number and S is 
pressure number. As the electromagnetic unit, MKS rationalized system is used. 

All the quantities marked with asterisk are divided into two parts as follows. 


Flow velocity: @/#.©=qx=icosa+jsina+v+i+aj+v, U(u, Vv, W) 
Magnetic flux density: B/B.=—B,=B.+b, Bu(Buz, Boy, Buz), b(bz, by, bz) 
Pressure: p/piim?=px=potp (The pressure coefficient Cp=2p) 
Density: 0/0.=0x=1+o0 
Temperature: RT/#i.2=T,=T.+T 
Current density: J/oa.B.o=J,=0+J,  JIJze, Jy, Je) 
Electric field: E/az.B.=E,=—(itaj)xB.+E,  E(Ex, Ey,Es 
a; U,V, W; be, by, bz; p, 0, T; Jey Jy, Je; Ex, Ey, Ex~0() 


(10) 


where @ is a parametric function of very small magnitude to be difined later. a@ is the angle 
between the free stream direction and the x-direction. Our assumptions give 


(Qx.V) =0/0x+ aO/Oy) +v.p~d/Ox 


In what follows D/Dt stands for 0/0t+0/0x. Linearization reduces Eq. (1)-(9) to the following 
forms. 


The induction equation: 


Rn x a+ (B..f)0— Basdiv o| +p2b=0 (11) 
The momentum equation: 
Dov 
pro PP SB x rot b (12) 
The continuity equation: 
Do = 
The isentropic relations: 
T 
Re tics Wet dee - od eas a oo =P 
DTK a= (ae 1) T. barb =a (14) 
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where M represents the free stream Mach number. 

From Eqs. (11)-(14), we can derive the fundamental equations in rather refined way than 
in reference”. By elimination of p in Eq. (12) using (13) and (14), we have the generalized 
continuity equation: 


j Dore D 
2__ V2 an 2p2 
(Mx ) div o=sMop 2B...) (15) 
From Eq. (12) we have 
Se ohne Gea iroub (16) 
Dt = j 


Let us introduce a scalar function ¢ defined by 


Dov D 

— = §(B...p)b+——— 

De (B...7)b+ pi? 

to represent v in terms of g and b. Then we can write down Eqs. (11) and (15) in terms 
of g and 6 only. Now introduce another scalar function ® in order for Eq. (11) to be satisfied 
automatically: 


ae; on On? (17) 
b=— Rn—_(| —p — B.p’ 
Dt ( On é ‘ a 
Then Eq. (15) gives the fundamental equation for @ as follows: 
D* 9? D Dim? 
2— VM? —— || Raz—— — p?*— mS| M2? ——— — )p? |0= 
iG oA ark pe! Dt ) ues s( De aml fe : Su 
or 
-F£7[9]=0 (18”) 
where 
0 0 0 0 
a es oO + =—=Do7, = 8% oa Baz 
Pe lias tas Dok nae 
6 and v are expressed in terms of @: 
0 »\DO 
=| Bee Sao 19. 
b Ral oP B.7) >| 9] (19a) 
D D 0 ] he 
—| ( 7? —_— Rm RnSB.7’?>— |0=A[0 19b) 
v iG Feels pe lags [0] ( 
The expression for # can be derived as follows. From Eq. (12), we have 
Dg | 
—+ S(B..b) |=0 
grad E + Dt + S( ) 
and hence 
ie DET" ne Gn Drs We Se oO 19c) 
p=—, — SBe-b =( V5, + Re a vy rl 9] ( 


Eqs. (18)-(19) are the fundamental relations. 


3.2 Some remarks on fundamental relations . 
Comparison of Eqs. (18)-(19) with Eqs. (31)-(33) in reference” shows that 0/0x in the latters 


is replaced by D/Dt. 
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Equation (18) contains the four important parameters such as the magnetic Reynolds number 
Rm, the interaction number RnS, the free stream Mach number M and the direction of ap- 
plied magnetic field (B12, B.»y, Bz). Although particular selections of these parameters may 
reduce Eq. (18) to a simple form, this paper will not be concerned with the reduction pro- 
cedure in detail except for the two cases Rm=0 or S=0. When o or Rm is zero, 


oD D? 
2s 2 = 2 ; CAS 
amo, aear(rB), en 
and 
D? D 
os WV Se 2 eae \ 
ae ( Dt rp Di 
Let us put 
DO 
/ 3 27 ae 
0 = Di 


Then the new 9 is nothing but the velocity potential in pure gasdynamics. In the second 
case when B.. or S is zero, 


be 0 D D D? 
Se =—Rn| —p — B. Vora. Aes ( i i 
a ar i apes (r Di Rupa) 
D D?\ D 
ae, 2 Rm rt | =r 
= (r Di any 
and 
D? D D? 
—— 2 —V 2 pas a : 
—- (r Di? \(r De oa 
Put 
D D? 
0’ =( 7°— —Rn— \o 
(r Dt a 
where 


Then we have v=grad ® and p=—D0’/Di which are again the well-known relations in pure 
gasdynamics. 

Eqs. (19) give the order of magnitude of various disturbances (in the physical quantities) 
as follows: 


B—B..=Bo-O(Rn) 

J=ci.Buw-O(O) = BuopteL--O(Rn) 

G— Ge =the: {O(0) +O(Rn®) + O(RnSO)} 
rot q=u.L-'-O(RmS®) 

p —p= = Dotto? -{O(D) + O( Rm) + O(RmSD)} 


(20) 


——————_$_ —_“_—__ 


When RnZO(1), in the momentum equation 


Lorentz force ) 
eee ee —mKm 
inertia force | Se (21) 


that is the reason why RmS is termed interaction factor. In the energy equation 


o| Joule heating L~o| (BoopteL-RmO)?2a-} 


convection energy CoP oo(R-*thon?D)(iio-L-') 1~RnSd (22) 
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which implies the isentropic relations to be valid. On the other hand, when Rn>1, all the 
operator 47, 4%, 4 and Y, are multiplied by Rm and so we can define new 0’ by the 


See ®’=Rn®. Thus all quantities on the left-hand side of Eq. (20) are of O(@’), and so 
we have 


of Joule heating 


nS -1—’ 
convection energy ee (23) 


From above considerations we may think that the isentropic relations and the perturbation 
theory are valid in the both cases, especially even when Rm>1, at least if the body is 
reasonably thin or slender. Eqs. (20) also suggest that when R»S>1 the reasonable reference 
of electric current would be Bae-'L-' as pointed out by I. Imai”, although the present 
method leads to the correct result from another reference ciixBo. The electric current will 
remain in the same order of magnitude as the other quantities, without becoming infinitely 
large even when oc, 

It is noteworthy that the fundamental equation (18) can be satisfied by many physical 
quantities. For example, Eq. (19a) gives 


D 
VP? RnB. X (O= For b(O) . 


5 eye 
if Dt 


Let us operate “tors on Eq. (18); then 
-Lrotb Lr DO) = Lr Fyorb(O)= Fr(rot b)=0. 
In a similar manner we have also 


SFr(v)=0, SFr(b)=0 , SFxr(p)=0, _Fx(rot v)=0 

and so on. 

The fact that &* is a “scalar” operator with constant coefficients gives such many ad- 
vantages. Resler and McCune” presented the fundamental equation in terms of rot 6 which 
contains a vector operator for the three-dimensional case. For the two-dimensional case their 
equation can be written in a scalar form and agrees with Eq. (18). They also suggested 
that once the equation for rot 6 is solved, then it is substituted into the other differential 
equations in order to obtain the remaining quantities. On the other hand, in the present 
method, we have only to define the parametric function @ satisfying Eq. (18), since the 
other quantities can be obtained simply by differentiation. (See examples in section 5) 


§4. The Expression of Pressure Distrubance in Quadratic Form 

As is well known in pure gasdynamics, the linearized expression of the pressure disturbance 
like Eq. (19c) is not satisfactory to give the pressure distribution on the surface of the slender 
body. Kusukawa* derived a quadratic expression for the case of aligned magnetic field. In 
this section the present author derives the expression for the more general case. 

In the case of steady flow Eq. (7) reduces to 


r= oe) — (a) +4 x rot v | -S(B. xrot b+6b xrot b) 


Remenbering Ox=1+M'p+--- and pxQ.x=itv+aj+M*pi+::-, we have 


pb=—r( 54s") Mpr(faxt) +itetas+Mpi) xtot o- SB. xrot b+bxrotb) (24) 
2 


When the second order small terms are omitted, Eq. (24) is integrated to give 


v 


2 Sie xB.).| rot bdx (25) 
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Substituting » from Eq. (25) into the right-hand side of Eq. (24) and then integrating, we 
have the quadratic expression of pressure disturbance as follows (all the terms of O(u-D) 


have been omitted): 


p=—u-SixB.).|" eae a+ \" [ixv-+ek). rot v—S@x6b). rot bldx (26) 
= fer pp ee ee — Rup?) 5 paste aT \" [(ixv-+ak). rot v—Sxb). rot bldx (27) 
Ox Ox? Ox 2; Sipe 
0) ORn®) O(RnS0) O(---@?) O(RnS@?) O(Rn? SO”) 


Of course the quadratic expression will be complete when all uv and 6 in Eq. (27) are replaced 
by &[9] and %2[®] respectively. 


§5. Applications of the General Theory 
For illustrative purpose, some problems with parallel magnetic field for the case of weak 
interaction (Rm~0 and RmS=K<l1) will be solved for two-dimensional and for axisymmetric 
flow. It may be mentioned that the former has been solved by Sakurai® and the latter by 
Kusukawa*) with the aid of their own methods. The assumption Rn=0 makes great simpli- 
fications, together with another assumption that the permeability of the body is equal to that 
of the gas 4%. Eq. (19a) shows b=0 for this case, which satisfies all requirements such as 
i) the magnetic field, Eq. (19a), in the gas, 
ii) the electro-magnetic equations in the body, 
iii) the electro-magnetic condition on the interface between the gas and the body all 
components of the magnetic field should be continuous.) 
Thus we may consider the boundary conditions for the flow field only. 
When Rn<0, BroXl, Byex=d<1 and B..z=0, the fundamental relations (18)-(19) and (27) 
reduce to the forms: 


el e & a! oli Sergnoerat Fae 9 
legpnecergitearn| sax tof pa tare See ee ay (o=9 for MS1 (28) 
fide 4p. moat, hablon. oi O 
v=| 50 y+ik— +KA( ia. face a (29) 
OK) OO Les 
p=-(Ge + Kg pre (30) 
b~0 


5.1 Steady flow past a two-dimensional symmetric wing with sharp edges. B.=i+6j 
5.1.1 Subsonic flow 
In this case, Eqs. (28)-(30) give the relations: 


u=| oe ele KBiay [0 


0x? OX oY 

eaten mode) 
X=x, Y=by, 8=Vi-M (31) 
On= exp] — ax as sf Y| Kn aaa 


®, being a particular solution. We try to construct the solution satisfying the boundary 


eS 
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condition on the wing surface using % only, which is one-valued and converges at infinity, 
Putting, with approximation 


ye es )e- CT 
Gu Inpr—l 


for small (c/2)r, 


O(X, y=| fw exp [= 2 (x-2) - a y[m (R= aPF Ht r lta (32) 


(’=0.5772--+ being Euler’s constant) and substituting it into Eq. (31), we have the boundary 
condition as follows: 


df 2( X 1 : 
(¥=0)=+ GH) _ =e |, abe te ; etn a = +See) 


where y==+f2(x) is the contour of the wing. Thus we have 


le 
S(xn= = gle (33) 
We now substitute f(x) into ®, and in turn 9 into uw; then we have u at Y~+0 as follows: 
1 1 fe) Fatt 
=—C, d, f — 
u xB \ x pet onB i (yw) In |X—p\ldut Kof2(X) (34) 


where c.| means Cauchy’s principal value. The signs + are assigned, in accordance with 


the antisymmetry in 6, for the upper and lower surfaces respectively. Eq. (34) is just the 
one derived by Sakurai in reference 3). 

It is noteworthy that in this method only one function f(x) is used instead of two functions 
in Sakurai’s method. The only one function f(x) may be supplemented by the differential 
operators %, and %, having Ko terms. 

5.1.2 Supersonic flow 
In this case Eqs. (28)-(30) give the relations: 


u=| Bo winel_ip KBoe, 0 


0X? ox oY 
0 0 0 ee 
aa pe == es ee 
X=x, Y=By , B=VY M?-1 


D=e-'(K/DX-(K8/BY «dy , oxx—bry= - (1- alee = 7) 


To solve the telegraph equation in ¢ we use the Laplace transform, which saves labour of 
calculation in comparison with other (say, Riemann’s) method. Assuming ¢=0¢/0X=0 for 
X<0, the Laplace transformation of the above telegraph equation leads to 


ag («-E )é=0 ia ero, Y, Z)dX 
d’y 4 0 


which is integrated to give 


¢=A(s) exp (--/s-#1"1) 


The formula of inverse Laplace transform”: 
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LP (s?—a?)-¥? exp (—by #?—a?)| =u(X—b) h(a X* — B*) 
ro, wanele 3S 


and the convolution formula give the expression: 
xX-I¥| L 
=|" Aadu(X—a—-l¥Db(F VX WA¥? da =|" F) WV a Y#)da (36a) 
0 0 


which is symmetric in Y. The antisymmetric solution in Y can be constructed by differen- 
tiation of the symmetric solution with respect to Y. Thus we have for YS0, 


=fX-|VI)— ae "ANC Yes (36) 


In general the solution is given as a combination of the symmetric and the antisymmetric 
ones. Assume that the terms of O(L?) are negligible and thus ¢4=/(X—|Y|)+g(X—|Y|) for 
Y20. The boundary condition on the wing surface can be written as follows: 


oY =20) = (fe ftN=| ge(Bog + Kalo | 


where y=fpt(X)=fn°(X)+f2'(X) represent the upper and lower wing surfaces respectively. 
Necessary substitution for @ gives 


f'(X)=—B-exp (Fx) F100 
and 
g(X)=—B" exp e X) fat(X) 
Then we have 
0-——-exp(— A? y)| \e " exp| = X) [fotndne|" exp| 3 (u = X) |For dn} 


0 
lL dfa*X 


WY=+0)=+, ix 


Love PS: . 
ti fo¥(X)+ KOs) (37) 


Alternatively if we treat each half space Y20 independently using symmetric ¢ only, then 
we can obtain the same final expression for uw. The expression for the particular case of 
a symmetric wing agrees with Sakurai’s result.® 


5.2 Steady flow past a slender axisymmetric body with pointed nose and tail, Bo=i. 
5.2.1 Subsonic flow 


Eqs. (28)-(30) give the relations: 
loa of K)o oe, eo 
Ox 
if Lite @ terres ; 
fie ay wate ; 7=BYy? 4+ 2 (38) 
o=—ex8/os\ gal” F(z) cos aK 7 /® 44 ean 
0 —oo 
The boundary condition on the body surface determines the unknown function F(x) as follows: 
arp OD 


CATT ay a 


scala Sidn\" Kir ve eee \/2 ate on cos ix p)a | 


eras 
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Now make use of the formula® 


Kile? +B)" *N(a-+ B82” cos (ay)dx 


Tanne oe CPO? ta?) C 4 Ky 72)[B(y? +az2)/?] 


kRa>0 , RB>0 
and 


Kaple=y/ F(1 Pe letay/ 2 att {Oia 2<il 


Then we have 


are _ mae en (K/2)x \. ref(wdu 
dx 2 Se ee aa al le 
Noting that for small rz 


\" flared F(x) li d(u/rz) _ 2f(x) 
=o [(*—w)?+re]}/? rg Je {14 [(u—x)/ralP? ph? rp 


we obtain 


4 Ke ie, 
fa)=s5 exp ( : «)F (x) (39) 


where F(x)=zrz? represents the cross-sectional area of the body. It should be noted that 
the approximations 


Ki(@)~—In 9 and Ki@a— HO? KI 


are not valid under the integral sign \. ---d4. Substitution from (39) into ®@ and thence use 
6 


of the formula® 

nz exp (—PBY y?+a?) 
2 Vy tat 
Ra>0, RpB>0 


| a Kol(@y x2 + B2) cos xydx = 
0 


leads to the expression: 


0=2-| — | Pilea teh tdnt KFC) |+OK 
4x 0 


1 x lea ie) UX K 
er [F (x) In 9 a 9 | (4) x| ni|# Ace 


In the above derivation we have made use of the relation: 


Marx lu—x|4V (x—z? Pete eed 


OL ee 3 a ; 
oo) = 2 2 —1/2 
(b=) 77 

Ou 
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Now the drag coefficient is given by 


Coma)! F(a) u— ; ( - )’ |ae=Coo+ Com 


where Cpo is pure gasdynamic one and Cox represents the magnetogasdynamic effect. 
Simple calculations show that 
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It seems to be difficult to prove that Cyx is positive. 


5.2.2 Supersonic flow 
In this case we put O=e-‘*/2)*¢ and have 


oxx—rr—bas— 6=0 (43) 


where 
X=x, Y=By, Z=Bz and B=YM?-1 


With the Laplace transform of ¢, we obtain for small 7, 


b=—AOK(ry/ se) * A(9(In +r) a ge (s—(K/2)) | In SHR) 
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where 


r=V Y24+Z72 and ba| ero, Ve Ayihs. 
0 
By the inverse transform, we have 
es 
o(X, =X) In | Fe) In |X—nldu+ OK) 
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The unknown function f(X) is determined by the boundary condition as 
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Then we have 
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In the above derivation we have made use of the relations: 
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We also have 
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It may by difficult to prove that Cox is positive. 


§6. Conclusion 


The general theory of magnetogasdynamic 
linearized flow is extended and refined. Small 
unsteadiness and small angle of attack are 
admitted. The direction of applied magnetic 
field is completely arbitrary. The fundamental 
equation derived here is of scalar form even 
in three-dimensional case. The equation is 
written in terms of a certain parametric func- 
tion, and the other quantities are obtained 
with mere differentiation of the function. All 
other physical quantities are also governed by 
the same fundamental equation. 

The quadratic expression of pressure dis- 
turbance is obtained for steady flow. 

For the illustrative purpose some problems 
with weak magnetic interaction are solved. 
The general theory saves labour of calculation, 
and is found to be powerful for the theoreti- 
cal study of magnetogasdynamic linearized 
flows. 

The author would like to express his grati- 


tude to Dr. T. Sakurai for the guidance and 
dicussions on the work described in this paper. 
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On the Ferromagnetism in Manganese- 
Aluminium-Iron System 


By Ichiro TSUBOYA and Makoto SUGIHARA 
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Nippon Telegraph and Telephone Public Corpo- 
ration Musashino-shi, Tokyo, Japan 


(Received May 27, 1960) 


In early days, 1892, Hogg reported the alloy 
containing 55 wt. % Mn, 25 wt. % Al, and 13 wt. 
% Fe showed strong ferromagnetic nature.!) Fur- 
ther studies on the iron-poor Mn-Al-Fe alloys, 
however, have not yet been made, except for pure 
Mn-Al system.?).?) 

In this note, the authors report that there is a 
new ferromagnetic phase in the iron-poor Mn-Al- 
Fe alloys at the composition near Hoggl’s specimen. 
The composition range of the ferromagnetic phase 
iseas follows so») to 42-5 at. 725 Mn 42.5) to 5 
ate, 2% Al wand), 127-5 sto 7 oat. 272, Ke: 

For the preparation of the specimen, electrolytic 
Mn (99.9%), electrolytic Fe (99.9%), and pure Al 
(99.99%) were melted in the suitable proportion in 
air and cast into rods, 10mm in diameter. These 
rods were annealed for 1 hour at 900°C in vacuum 
to remove segregation, then cooled slowly to room 
temperature. 

It was found that the specimens in composition 
range, 35 to 47.5 at. % Mn, 40 to 47.5 at. % Al 
and 10 to 17.5 at. % Fe, respectively, have fer- 
romagnetic natures (Fig. 1). 


Ss 
° 


ov 
ot 


Fig. 1. Results of magnetic examination. 
© non-magnetic, 
@ week ferromagnetic, 


@ ferromagnetic. 


All specimens were crushed into powder for X 
ray analysis and the determination of Curie point. 
According to X-ray analysis, it was found that 
there is a pure single cubic phase in the composi- 
tion range of 35 to 42.5 at. % Mn, 42.5 to 47.5 


at. % Al, and 12.5 to 17.5 at. % Fe, respectively. 

This cubic phase is named “« phase”. (Fig. 2). 
This composition range coincides with that of the 
specimens having strong ferromagnetic natures, 
and weakly ferromagnetic specimens are in the 
region of the mixture of « phase and £-Mn phase. 
The non-magnetic phase have a #-Mn like struc- 
ture in Mn-rich specimens and an 7 phase?) like in 
Al-rich ones. 


fe) [e) 30 


LEO 
NINA 


20 30 40 


ee 


5 (0) 
Mn at. % 

Fig. 2. Results of X-ray diffraction. 
@ cubic (CsCl type) structure —« phase, 
@) mixture of « phase and @-Mn like phase, 
© B-Mn like phase and/or 7 phase. 


It seems that the structure of « phase is ordered 
one of Cs-Cl type, and lattice constant 2.96- 
2.97A. 

The magnetic properties such as Curie tempera- 
ture, saturation magnetization, o-7 Curve were 
also measured. The Curie temperature of the « 
phase specimens, measured by the magnetic balan- 
ce, is from 35°C at the composition of 47.5 at. % 
Al, 35.0 at. % Mn, and 17.5 at. % Fe to 90°C at 
A5 at. 9 Al, 42S 3at. 64 Mn and 120 >eateneaahies 
The saturation magnetization of these specimens at 
liquid nitrogen temperature, at the field strength 
of 15K oe, is 380 to 400 Gauss/cc.. As the density 
of these specimens is 5 to 5.3 gram/cc., the satu- 
ration magnetic moment is 75 to 80 Gauss/gram. 

It seems that the origin of this ferromagnetism 
consists in the ferromagnetic exchange interaction 
between Mn atoms. Further discussion with de- 
tailed measurements will be reported later on. 
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The Influence of Oxidation and Reduction 
on the Parasitic Ferromagnetism 
of aFe.0; 


By Akira TASAKI, Kiiti SIRATORI 
and Shuichi IIDA 


Department of Physics, Faculty of Science, 
University of Tokyo 
(Received June 3, 1960) 


A considerable amount of studies has been made 
in recent years on the parasitic ferromagnetism of 
aFe,Q3.1).2),3),4) A remarkable progress has been 
made by Dzyaloshinsky®) who has pointed out the 
presence of a certain lack of crystal symmetry in 
this rhombohedral antiferromagnet, which should 
result in a weak ferromagnetism when the spins 
lie in the basal plane. This idea has been extend- 
ed by Moriya®) to a semiquantitative expression 
related with spin-orbit and exchange interactions 
of two neighbouring Fe?+ ions. 

In spite of the presence of this clear-cut mecha- 
nism, however, the experimental results of this 
crystal are not so sure enough as to ascribe the 
whole parasitic ferromagnetism to the same mecha- 
nism. Here, a new aspect of the parasitic fer- 
romagnetism of aFe,03 is presented which has been 
found by heat treating the crystal in various pres- 
sures of oxygen. 

The preparation of specimens was as follows; 
electrolytic iron was dissolved in nitric acid, dried, 
pressed and pre-fired at 1000°C for 3 hours. Five 
different heat treatments were given to these speci- 
mens. They are the annealing for 70 hours at 
500°C in 100, 20, 5Kg/cm? pressure of oxygen, and 
for 3 hours at 1000°C and 700°C in vacuum re- 
spectively. Magnetic measurements were made 
from —40°C to room temperature using a magne- 
tic balance automatically controlled. 

Now the magnetization of aFe,0; is expressed 
by 

o=ootXH . 


To determine op) and y, the magnetization was 
measured at the field strengthes 6.65, 11.8 and 
14.3-KOe. 

Fig. 1 shows x and oo vs T curves of these speci- 
mens. Here, no systematic change is found for x 
both on oxidation and reduction series. While for 
oo, we notice that both oxidation and reduction 
introduce a residual parasitic ferromagnetism below 
the transition temperature. This residual parasitic 
ferromagnetism seems to be temperature indepen- 
dent and superimpose on the intrinsic one predict- 
ed by Dzyaloshinsky. This temperature indepen- 
dent parasitic ferromagnetism will be caused by 
the deviation of the cation-anion ratio from 
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=50 30 
T (°C) 

Fig. 1. x and op vs T curves of aFe,O3. 
Heat treatments of the samples are as follows: 
Oxidized at 500°C, 70 hrs. in 100 (=) and 20 

(——) Kg/cm? oxygen. 
Reduced at 1000°C, 3 hrs. in 10-3 mmHg (- - -). 
Annealed at 1000°C, 3 hrs. in air (—). 


stoichiometry and is probably equal to the isotro- 
pic term oo of Néel.1) This residual parastic fer- 
romagnetism disappeared by heat treating again 
these specimens in air (1000°C, 3 hrs.). By this 
heat treatment, the weight of a oxidized specimen 
apparently did not change, but a reduced one 
gained its weight by about 0.2% (about 0.7% of 
total oxygen content). 

From these results, we may conclude that the 
residual or isotropic part in oo is caused by the 
deviation from stoichiometry. The relevant ions 
will be Fe?+ in a reduced state and might be Fe‘t 
in an oxidized state. Two mechanisms are pos- 
sible as the origin of this residual magnetization. 
One is to assume the presence of another ferro- 
magnetic phase precipitated in the mother matrix 
of aFe,O3 and the other is to ascribe the magneti- 
zation to the presence of a certain imperfect struc- 
ture included substantially in the crystal structure 
of non-stoichiometric aFe,03. If the former me- 
chanism is true, the relevant phase in a reduced 
state will probably be a spinel structure like Fe3;O, 
or 7Fe,03. However, in a oxidized state no ferro- 
magnetic phase is ever known which includes Fe*t.”) 
Further study on this point is going on. 
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Emission Spectra from Glow Discharge 
through Vapors of Aromatic 
Hydrocarbons and n-Hexane 


By Masato NISHI, Shiro HAMAMURA 
and Hiroshi ARAKI 


Department of Physics, 
Hiroshima University, Hiroshima 


(Received June 13, 1960) 


Emission spectra from the positive column in 
D.C. glow discharge through vapors of aromatic 
hydrocarbons and n-hexane were investigated. Al- 
though the experimental method was essentially 
the same as that in the previous papers!), the dis- 
charge tube itself was modified to avoid effect from 
the electrodes. 

Typical intensity profiles (Fig. 1) show four kinds 
of spectra which will be temporarily designated as 


+t 
Wavelength (mp) 


Fig. 1. Typical microphotometric curves cor- 
responding to various pressures with a constant 
electric current (7mA). full lines: benzene, 
dotted lines: toluene, broken lines: n-hexane. 
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“A” “B “CO! and “Din this note.’ “A” re- 
presents the spectrum due to x-electron transition 
of benzene ring and is observable also in the ultra- 
violet absorption. “B” is a continuous spectrum 
(300-400 mz). “C” is another continuum (330-500 
mz). “D” is a band with a structure (445-590 my), 
and was emitted only from vapors of toluene 
and ethylbenzene. In the case of aromatic hydro- 
carbons “A”, “C” and “D” appeared at lower 
vapor pressures. With an increase of the vapor 
pressures, the intensities of “A” and “D” de- 
creased but that of “B” increased overlapping 
with “C” gradually. In the case of n-hexane, a 
continuum covering “B” and “C” regions was 
observed at lower vapor pressures, and with an 
increase of the vapor pressures the continuum 
faded away gradually but a benzene band (“A”) 
became prominent. 

H. Schiiler et al.2) found the similar spectra in 
the discharge through mixtures of aromatic vapors 
and rare gases. “D” spectrum agrees with the 
V spectrum named by Schiiler et al., and may be 


attributed to benzyl radicals (CsH;CH2) as infer- 
red by Schiiler et al. Concerning the origin of 
“B” and “C”, Schiller and his coworker inferred 


benzal radicals (CsH;CH) and CHC: radicals re- 


spectively. However, this seems to remain unsolved 
because of the following observations by the pre- 
sent authors: 
(1) Both “B” and “C” were observed in the dis- 
charge through benzene vapor. 
(2) Concerning the intensity variation of these 
continua, the pressure dependencies were slightly 
different with the kinds of molecular species. “B” 
was more distinct than “C” at higher vapor pres- 
sures as a general tendency, and this is reverse to 
the results by Schiller et al. 

A detailed description will be published later. 
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Observation of an Anomaly in Transistor 
Characteristics 


By Osamu NAKAHARA 


Semiconductor Plant, Sanyo Electric Company, 
Daito City Osaka Prefecture, Japan 


(Received April 26, 1960) 


It is found!) that in the alloy type pvp transistor 
whose base germanium used is of 40 ohm-cm n- 
type, the Ve.—J¢ curve under the constant forward 
bias voltage V,. applied between the base contact 
and the emitter shows the dynatron-type negative 
resistance. This is interpreted as originated from 
the high base resistance due to the portion held 
between the emitter side surface and the collector 
junction, which is easily modulated by the collector 
voltage. H. Nelson?) reported the phenomenon of 
slight negative collector conductance which he at- 
tributed to the similar effect in the diffused silicon 
transistor of particular type. 

Here we show the anomaly observed in the 
transistor whose structure is like shown in Fig. 1. 


Base 
Contact 


Emitter 


» Gerrnanium 
(402-cm) 


n* Diffused 
Collector Layer 
Fig. 1. Cross-sectional view of the transistor. 
Dimensions except the “neck” part are nearly 
same with the commercial drift transistor. 
Geometrical “neck” width was made about 10 
microns. 


This is just the same with the drift transistor 
except the high resistivity “neck” in the base 
formed by the electro-chemical etching. The re- 
maining n+ diffused surface layer in the base 
serves only to reduce the unnecessary base resis- 
tance for the phenomenon. Impurity gradient under 
the emitter junction has the effect to be described 
later besides the accelerating action of minority 
carriers injected. 

In Fig. 2, the photograph of the Vee—IJ, charac- 
teristics of the transistor is shown with Vz. as a 
running parameter. It is seen that the collector 
current attains to a maximum value within the 
collector voltage saturation region and further 
increase in Vee makes it decrease and finally all 
curves converge into a curve that corresponds to 
the collector current observed for V,.=0. 

Such negative resistance observed above may be 
interpreted qualitatively as follows. The base re- 
sistance due to the hatched part in Fig. 1 is modu- 
lated by the collector voltage so that in the satura- 


Short Notes 


1537 


tion region it is reduced because of the space 
chage layer shrinking toward the collector junction 


0: =0:20'45 065-0 oie de Wee ts2 ete t.6  —1-6, 2:0) 


sit Eee 
Vea (volt) 


Fig. 2. Photograph of Vez.—IJce characteristics of 
the transistor where V,. is taken as a running 


parameter. Curves are for Vy. in 0.05 volt 
step up to 0.45 volt. Collector load resistance 
is zero. 


and the conductivity modulation induced by the 
injected minority carriers into the base from the 
collector junction. Thus the emitter action can 
be set in and the collector current flows easily. 
As Ve. goes to negative direction, however, the 
base resistance begins to increase because of the 
space charge layer widening into the base region. 
This decreases the injected carriers at the emitter 
under the constant Vz. by the d.c. voltage drop 
in the base circuit. If such base resistance modu- 
lation feedback effect overcomes the internal feed- 
back effect to increase the collector current, it 
begins to decrease with increase in Vee, thus the 
negative collector resistance appears. It is to be 
noted that the internal feedback effect is much 
smaller in the case of the graded impurity base 
than the simple pvp structure so that the shape 
of the negative resistance curve becomes more 
salient than that observed in the latter structure. 
Various configurations of the transistor can be 
considered to realize such a characteristic and an 
attempt of the optimum design as a negative re- 
sistance element may be worthwhile if any its 
utility is found. 

The author thanks Mr. Endo and Mr. Tomaru, 
the staffs of the Electrical Communication Labo- 
ratory, who have suggested and examined the pos- 
sible applications of this transistor. He also thanks 
Dr. Iwase who has guided the work throughout. 
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Resonance Transfer of Ionization Energy 
in Semiconductors 


By Shigeharu KOSHINO 


Radiation Center of Osaka Prefecture, 
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and Toshihiko ANDO 


Department of Physics, Kyoto University, 
Kyoto 
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The anomalous thermal conductivity has been 
observed for several types of simiconductor in the 
intrinsic range of temperature.!) Interpretations 
of this phenomenon have been attempted by seve- 
ral authors.2) We shall discuss here the resononce 
transfer of ionization energy of impurity level. 

Let us first consider two donors, of which one 
is occupied by an electron and the other is open. 
When a conduction electron is trapped by the open 
donor, the electron which has been trapped by the 
other donor can be simultaneously excited into the 
conduction band by the interelectronic interaction. 
The ionization energy of donor level is then trans- 
ferred from the former to the latter. If there is 
the temperature difference between the two donor 
positions and the distribution of electrons is in the 
local equilibrium, the netcurrent of ionization 
energy is produced. When the temperature gradi- 
ent is present in a sample, the transfer of ioniza- 
tion energy between every two donors produces 
the net thermal current throughout the sample. 

It is first assumed that the interelectronic poten- 
tial is given by a screened Coulomb type. We 
neglect then, as the lowest order approximation, 
the dependence of the matrix elements on the wave 
number of electron, since the matrix elements can- 
not in general be calculated analytically. In other 
words, we replace every matrix element by that 
of the process in which one electron in transferr- 
ed from and the other electron transferred to the 
bottom of the conduction band. Furthermore it is 
assumed that the distribution of donors in the 
sample is uniform and the temperature gradient is 
constant. 

Let us now imagine a plane perpendicular to the 
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temperature gradient in the sample. The thermal 
conductivity may be given by the total net cur- 
rent of energy transferred through the plane divid- 
ed by the area of the plane and the temperature 
gradient. The calculated thermal conductivity 
is 


210m,.3e4 N 2k Tgo(1—go) I 
hia8 p3e2 


provided a>, where 


t= 


wa (ce ely /e 
ray (Ep + bT'n)| ke — Bot 29) +2578 \ 


- fola){1— folw) Jada . 


In the above equations m, is the effective mass of 
electron, a the reciprocal of the modified Bohr 
radius, @ the screening constant, ¢ the dielectric 
constant, N the concentration of donor, 7 the 
Fermi energy, Hy the energy difference between 
the bottom of the conduction band and the donor 
level, and f) and gy are the distribution functions 
of electron in the conduction band and in the do- 
nor state, respectively. When the temperature is 
in the intrinsic range, we obtain 


k=9X10-14(mn/me)?*/4(mp/Me)3/8e11/2 N2T 8/4 
-{ Ey( Ey — Eo) +2E yk T+6(k T)2}e7(21-480)/4k7 


erg/sec-cm °K, 


where my,, is the effective mass of hole and #;, is 
the energy depth of the forbidden band. For InSb, 
as an example, we obtain 


*k=9X10-8 N27 1/4 exp (—700/T) cal/sec-cm °K. 


The magnitude of the obtained conductivity is 
nearly consistent with Bnsch’s experimental one!) 
provided the concentration of donor in his sample 
is of the order of 1015. The essential difference of 
our mechanism from other ones is the dependence 
on the concentration of impurity. 
ed that our mechanism 
model of donor state. 


Finally it is not- 

is based on the localized 
It is obvious that the reso- 
nance transfer of ionization energy is inefficient 
when the concentration is so large that the im- 
purity band model is useful. 
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Dislocations in Ferroelectric Glycine Sulfate 
Single Crystals 


By Hiroo ToyopA 


Electrical Communication Laboratory, 
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(Received June 10, 1960) 


Observations on the dislocations in ferroelectric 
guanidine aluminium sulfate hexahydrate crystals 
were reported by Nakamura!), and the calculation 
of the effect of dislocation field on the domain 
structure was presented by him and his co-workers?). 
Dislocation field may give some interesting effects 
on the other ferrectric properties. There are, 
however, a few ferroelectric crystals in which the 
dislocations have been delineated, that is, above- 
mentioned GASH and potassium ferrocyanide tri- 
hydrate crystals?). 

The author observed interesting etch pits on the 
surfaces of ferroelectric glycine sulfate crystal. 
A slow etching in alcohol can delineate the domain 
structure+) and the effect may be caused by a 
small amount of water contained in alcohol, while 
a rapid etching by water gives etch pits quite dif- 
ferent from those corresponding to the domain. 
They are observed on the various crystal! faces and 
show some characteristic features corresponding 
to the crystal dislocation, as mentioned in follow- 
ings. 

The etch pits have always clear tips. The pits 
on (010) faces are cone-shaped and those on (001) 
and (110) faces have trapezoidal bases, the side 
faces of them being composed of small steps. 
When a crystal is cleaved away and etched, the 
position of the pits on two matching (010) faces fit 
to each other. As a result of observations on the 
crystals cut by wet thread, it was confirmed that 
the fits are nearly perfect on (110) and (001) match- 
ing faces, respectively. Chemical polishing reveales 
that the tips go ahead on lines into the crystal. 
For the pits on (001) face, an actual observation 
was performed along the length more than 2mm 
and the lines lie in the (010) plane. The density of 
pits varies from parts to parts and ranges over 10? 
to 106 per square centimeter on all of the faces. The 
density is particularly high on the outer faces of 
the crystal containing much pores, and the etch 
pits appear on the interfaces of the pores. Me- 
chanical shock applied to the face, such as drop- 
ping of or pushing by steel rod, creates new etch 
pits on (110) and (001) faces. From these obser- 
vations, it is most probable to consider the pits as 
showing the locations of the dislocation lines. 

In a (010) plate cleaved from the crystal grown 
in the ferroelectric temperature range, two tri- 
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angular areas bounded by the lines connecting the 
seed crystal with the (110) faces include the do- 
mains bound by internal electric field). The pits 
on (010) face are distributed most densely at the 
areas, and the fact suggests a probable relation to 
exist between the dislocation and the domain struc- 
ture. Fig. 1 shows an interferometric picture of 
of the etched (010) face, and Figs. 2 and 3 exhibit 


Fig. 1. Interferometric picture of etched b-face, 
obtained by sodium lamp. Dislocations pass the 
bright spots. X35. 


letibez, 2. 
in the picture. 


Etch pits on c-face. b-axis lies vertically 


a, 


Fig. 3. Etch pits on (110) face. x35. 


the pits on (001) and (110) faces, respectively. 
Fig. 2 includes the pits aligned on lines, which 
may correspond to grain boundaries. Further 
studies on the dislocation themselves and their 
effects on the other properties are now in progress. 
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A Diffuse Reflexion from a Silicon 
Carbide Crystal 


By Takanori TOMITA 


Department of Physics, Saitama University, 
Urawa 


(Received March 29, 1960) 


Fig. 1 reproduces the c-axis oscillation photograph 
showing the diffuse reflexion obtained for a poly- 
crystalline silicon carbide crystal. A small crys- 
tallite giving the diffuse reflexion was irradiated 
with a micro-beam from a fine X-ray source?). As 
shown in Fig. 1, the diffuse reflexion has five 
intensity maxima corresponding to the reciprocal 
(1011) period of 6-layer cell and is intense between 
(1011) and (1012) points and between (1014) and 
(1015) points. 

In order to explain such a feature of diffuse 
reflexion, we consider a disordered sequence of 
many ordered ranges having 6-layer structure 
(ABCACB) and introduce between either two of 
these ranges the phase relations prepared for the 
structure analysis of SiC 174 layers®).4). The am- 
plitude of reflexion is 

Jmax 


j-1 
E=uU>: (exp Qnia;-exp Int S Sn NHs 
j=1 n=1 


SjN-1 4 
<e OS exp 2nisNHs ) , 


sN=0 


(1) 


where U is the layer form factor for 6-layer cell, 
the first term in the summation is the phase factor 
representing translation between two lattices be- 
longing respectively to the first and the j-th ranges 
(a,=0), Hg index of 6-layer reciprocal c-axis, N 
the total number of 6-layer cells along c-axis, and 
S;N the number of 6-layer cells in the j-th range; 
SyN is not always integer, and the fractional part 
should be exactly represented as a, similarly as 
a ;, but it provides no essential results in the pre-s 
ent argument. The intensity can be written as 


sin? 7S ;NH3 
sin? rH 


ee 


k-1 
= B{e0s 2a( ax seh S,.NHs) 


sin? me I<k 
x (sin? m(S;+S;).NH3—sin? 7S ,NH3—sin2 tSkNH3) 
—2 sin 2n(ae—aj+ SS S,NHs)-sin mS ;N He 


x sin nSNHp-sin x(Sj+ Sx)NHb| | (2) 


The first term of Eq. (2) is the sum of contribu- 
tions from individual range (j7=k) and gives rise 
to five maxima corresponding to 6-layer reciprocal 
period. The second term shows coherency between 
the reflexions from either two of the ranges (j+k) 
and gives on average diffuse reflexion along c-axis. 
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The five maxima are also affected by the phase 
factors of the second term. The third vanishes 
on average. The second term is rewritten as 


d >» {cos 2n(ax—aj+0Hs)cos 2nL Hg 


sin? nH3 F<K 
—sin 2n(a~x—aj+0 Hs)sin 2xL Hs} 
x {sin? n(S;+S)NH3—sin? xS;NH3 


—sin2 tSx.N Hs} , ( 3)) 


k-1 
where L+0= > S,N, L and 6 being integer and 


n=j+1 
fraction respectively, and the cosine terms in the 
first parenthesis vanish on average except L=O or 
at five maxima mentioned above as far as S,N is 
considerably large, the sine terms vanishing on 
average. Finally the intensity becomes 


|U? 
sin? tH3 
—>» > cos 2n(aj+1—aj;+0 Hs) 


jg j+1 
x {sin2 tS;NH3+sin2 tS 5+1NHAz 
mS;+S;5+1)NA3}] . 


[=— ——— sin? nH, ¢> sin2 nS;NHs3 


(4) 


—sin2 


0H3, 18 phase relations considerable 
for 6-layer cell (ref. 3) are assumed, and the inten- 
sity changes due to these relations are shown in 
Fig. 2. If all the relations occur at random, the 
characteristics of the relations are averaged into 
the intensity given by |U|? similarly as the photo- 
graph ‘presented by Jagodzinski!). On the other 
hand, if some relation occurs dominantly, its 
characteristic will appear corresponding to the 
number and size of the ranges having the relation. 


For OG OG ate 


LETT TT | 


t 
aS 


Fig. 1. The diffuse reflexion obtained for 30° 
c-axis oscillation, 


1960) 


The feature shown in Fig. 1 resembles No. 4 of 
Fig. 2 corresponding to the phase relation P+2+Q 
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Fig. 2. The intensity change of diffuse reflexion 
by the phase relation. a and @ are correspond- 
ing to those of P+a+Q(60) of the previous 
paper (ref. 3). P+0+Q(00), P+0+Q(+0) and 
P+0+Q(—0) show no changes, and the diffuse 
reflexions given for them show the intensity of 
|U|2 own. 


(00) (ref. 3) which is also supported by the obser- 
vation at five maxima as that (1013) peak is strong 
and sharp compared with (1011) and (1012) peaks 
(ref. 3 Table II). 

The wider interstices between the regular ranges 
occur, the more intensely the reflexions from the 
atoms in the interstices appear and prevail over 
the intensity change introduced here. The coher- 
ency between the reflexions from these atoms pro- 
duces the intensity distribution corresponding to 
either of Fig. 2, and the total intensity distribu- 
tion becomes a weighted mean of some of Fig. 2. 
The point will be discussed in detail in another 


paper. 
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On the Determination of Diffusion 
Coefficient of Boron in Silicon 


By Jiro YAMAGUCHI, Shiro HoRIUCHI, 
Koji MATSUMURA 


Department of Electrical Engineering, Faculty 
of Engineering Osaka University, Osaka 


and Yasumasa OGINO 


Department of Electrical Engineering, 
Osaka Institute of Technology, Osaka 


(Received March 25, 1960) 


Recently, Rohan et al. have suggested an alter- 
nate method for the measurement of the diffusion 
coefficient of Sb-124 in Si by radioassay!). The 
integrated activity in his method may be replaced 
with the conductivity of the diffused layer under 
some conditions, because the conductivity results 
from the total impurity atoms. Then, the same 
procedure as Rohan’s can be applied to the non- 
radioactive impurities. 

We tried to measure the diffusion coefficient of 
B in Si by the above method. The samples of 
20 Q-cm n type Si slices were pre-coated with B,O; 
by dipping in the methyl alcohol solution saturated 
at 20°C, or pre-deposited with B. dissociated pyroly- 
tically from BCl3; mixed in carrier gas?). A large 
amount of diffusant applied to the sample surface 
in such ways, fixes the surface concentration at 
the saturated value which correspond to the solid 
solubility of B in Si, and the diffusion proceeds 
according to the error function compliment distri- 
bution. 

In such case, the following relation holds for the 
conductance of the diffused layer after the removal 
of the thin layer of thickness 2, parallel to the 
original surface, 
ee ae 


e(a)=a\” n(C) {Co exte( 5 752) — Cold 


xz 
Jz 


CaF) 


where ©, and Cy are the impurity concentrations 
at the surface and in the bulk respectively, and 
x; is the original junction depth. If # is consid- 
erablly smaller than x; and Cy large enough to C,, 
the equation (1) can be approximated in the fol- 
lowing form, 


o(a)~2qu(Co)Co” Dt\, erfe Hib (2) 


where : 


x 
=o orS 3 
UF ia7 Det ce 
Then the following simple relation holds for «o(a) 

and the original surface conductance a(()) 
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ik erfc udu - 
a) : “erfc udu 
0/565 | u 


0 (4) 
Bu) oii erfc udu 
; 0 


From the measurement of «(0) and o(#), the value 
of uw corresponding to x is obtained by equation 
(4) and D can be calculated from the equation (3) 
independently of the absolute value of the mobility. 

This procedure can be applied to the smaller 
penetration distance than the method employed by 
Fuller and Ditzenberger. But it is valid only 
under the condition that the approximate equation 
(2) can be held, namely C,<C)<10% and o’s are 
almost determined by the contribution from the 
very high concentration region, in which the con- 
centration dependence of mobility is considerably 
small. 

The results of the diffusion coefficient of B in 
Si are shown in Fig. 1, and yield the equation 


APIRG, 
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Fig. 1. Temperature Dependence of Diffusion 
Coefficient of B in Si. 


0.70 
(17°K) 


075, 


84.800 


De Nia. exp( — RT 


) cm2/sec 
In comparison with the values obtained by Fuller 
and Ditzenberger?), the activation energies are in 
good agreement, while our values of D are about 
80% larger over the temperature range studied. 
The values of surface concentration C,; obtained 
from curves of conductivity versus C, given by 
Backenstoss‘) are shown in Fig. 2. These values 
are thought to correspond to the solid solubility 
of B in Si and shows agreement with the value 
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quoted in the recent paper’). On the contrary, Co’s 
obtained by Fuller and Ditzenberger are so large 
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Fig. 2. Temperature Dependence of Surface Con- 
centrations. 


as to reach the order of 1022atoms/cm’. Although 
the theoretical value of the solid solubility of B in 
Si is not yet available, the surface concentrations 
given by them seem to be unreasonably large and 
probably result from the underestimation of the 
diffusion coefficients. 
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First, we shall arrange baryons and pions into a 


triplet and a-singlet system with respect to the 
electric charge!). 


pete. eee, Ee” alee 
V2 oie oe V2 

(ae Sot so A 
UY De ‘ 

=: ; a 7 no! 
v2 We Qvine. : 

J rem—l a Aes PaO 


Since the existence of 7°” is quite doubtful, we 
omit it in the later discussions. 

Next, we describe the Hamiltonian of the weak 
interaction between baryons and pions in terms of 


the invariants in this four dimensional isospin 
space.?),3) 
A=al purge) 
+ bpor;q; 
+d{pjrjQo+h.c. 
Dp Mod BPA? (ale) 


Here a, 6 and d are the coupling constants. (1) 
can be written in the usual notation, 


H=${(Ps+—E-5- (Pat — Fn) 


1 = 
ent a —n- St) Sy EGO —nt3-)| 
a 7g {lat B—+n- 54) + En B+ tnt) 
y 2 s 
+d (Prt +8 -2-)A + 1 Fon0 ee | 
{ pe Z? J 
(2) 


Now, let us introduce the assumptions which de- 
fine the operators of the Minkowski space in the 
Hamiltonian. Suppose the following charge sym- 
metry transformation (we shall call it S tentatively): 

S16 $290) G22 425 

(BES a— 3 a De, C3) 

S will change the sign of the electric charge of 

charged particles without transforming them into 
their antiparticle states. 

We require that the interaction Hamiltonian must 
be invariant under the combined transformation of 
S and X, where X=7; denotes the chirality trans- 
formation proposed by Watanabe.‘) The chirality 
was a useful idea which led Marshak and Sudar- 


TU? Sa TCD 
. 


nto>n-). 
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shan®) to determine the V—A type for the universal 
Fermi interactions. 

It will be easily seen that the terms with the 
coefficient a/i in (2) change sign under the trans- 
formation S, while those with the coefficients b 
and d remain invariant under §. On the other 
hand, the terms Ga7,(1+75)¢z and Gayu(1—7s)e are 
chirality invariant and chirality pseudo-invariant,®) 
respectively. Therefore, it is clear that if we take 
2a=Tu1—7s), Qo=yu(1 +75) and Qa=7u(1+75), then we 
are able to prove the SX invariance in the Hamil- 
tonian (1). Here 2,, 9, and Mq are the Dirac 
operators to be inserted in the bilinear forms of 
the two baryon-fields in the terms of (2) with the 
coefficients a, 6 and d, respectively. We obtain 
thus the final expression of (1) with the operators. 


H=ig{ Prul—7s)2°unt — Pru(1—7s) 3+ eur} 
Hig 2 {Nre7rsXt oun + Nyy ~ unt } 
+ig{ —F-pu(l—7s) 5° un +5 -7(1—7s)S-Iur} 


+19 2 (2% ry7sX— Cunt +5 St du} 


{> a 
+g Pru +7s)A -Ount — 7 nyu +75) A - dun 


—“— 


+8 -7u(1+7s)A-Oun- 
Le 
Tre S%u(1+75)A- aya | 


+h.c. (4) 


Here we assumed 
a 


== —0=0 
a 


II 


1g - (5) 


It is remarkable to note that the present scheme 
of the weak interaction provides a reasonable ex- 
planation on the recent experiments. First, (4) 
implies that the parity is conserved in the decay 
processes of Y~ >x~+n and Y+ >xt++n, while it 
is violated in the processes of Y+>7°+P, A> 
P+xn- and A>n+7°. Cool et al.7) have succeeded 
to measure the angular distribution of the ¥ (A)- 
decay in the non-leptonic mode, which seems to 
support the prediction of the present scheme.®) 
Second, it is quite satisfactory to see that the 
predicted branching ratios from (5), 

2:1 for o(A>n-4+P):cA>r+n), 
1:1:1 for o(3+ oxnt+n):o(S+>r+P): 
o(3->n-+n) , 
are not at variances with the observed values.®}.!0 
The unique prediction of this theory which seems 


very striking is the sign of the axial vector interac 
tion, A, relative to that of the vector interaction, 


V. 


V—A: E->nr-+A, F>W4+A, 
Avxr-+P, A> r+n ; 
V+A: waa 5 


A: Stontt+n; V: s-—>n- +n. 
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Experimental check on this problem"),!2) may come 
from the studies on the angular distribution of 
these modes of the hyperon decay. 
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Errata 


Dynamical Theory of Electron Diffraction in Laue-case 


By Fuminori FUJIMOTO 
I. General Theory 
J. Phys. Soc. Japan 14 (1959) 1558 


Page Column Line 
1559 Right 5 Eq. (6) should be read Eq. (7) 
1560 Lelt il of of ¢* should be read of ¢¢ 
1961 Eq. (22) 3 Dd! v*,—9*un* should be read 31! v*p_gvg* 
g g 
1563 The equation above Eq. (29) should be read 
4r/D.2 ne é 4 yw 
= eS eS 2a aie eel poo 
as Tale, i ] 3 si) J 
1565 Eq. (33) 5 Numerator exp (i209,) should be read exp (iz0y,)—1 
12 to the equal to should be read to be equal to 


The first equation in Discussions should be read 


Un—9Vq 
VAS Una aaa oa 
a k?— kg? 


II. Numerical Calculation of Intensities 
J. Phys. Soc. Japan 15 (1960) 859 
862 Eq. (11) 2 (a@t—#9') should be read (a!—a9’)? 
866 Fig. 4 G should be removed 


Ill. Forbidden Reflection 
J. Phys. Soc. Japan 15 (1960) 1022 


1026, 1027 Eg. (12), (13) and (14) 

(V522+ 1204); — 222109 +bj09) should be read (Vja9 + 120}: +20 p20b 00+ bi 00) 
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Reactions of Iron-54 with Alpha-Particles 


By Shigeo TANAKA, Michiaki FuRUKAWA, Shiro IWATA”, 
Masuo YAGiI**, Hiroshi AMANO*** and Takashi Mikumo 


Institute for Nuclear Study, University of Tokyo, 
Tanashi P.O., Tokyo 


(Received May 7, 1960) 


Excitation functions for the (a, p), (a, 0), (a, pn), (a, 2n), (a, p2n+a, 3n), 
(a, an), (a, apn) and (a, a2n) reactions on Fe5+ were measured by the 
activation method using a “stacked-foil” technique, the alpha-particle 
energies ranging from 10 MeV to 40MeV. The predominance of proton 
emission over neutron emission has been observed. The ratios of 
a(a, p)/o(a, n) and o(a, pn)/o(a, 2n) in the region of maximum yield were 
found to be 3.4 and 60, respectively. The ratio of o(a, apn)/c(a, a2n) 
at 40 MeV was about 180. A small “knee” was observed at the incident 
alpha-particle energy of about 20 MeV in the excitation function for the 
(a, 2m) reaction. The total reaction cross section was found to agree 
with the value calculated from continuum theory for a nuclear radius 
constant 7) of 1.7x10-18cm assuming a nuclear square well potential. 


(a, p2n-+-a, 3n), (a, an), (a, apn) and (a, a2n) 


In recent years, the experimental data on 
the competitive modes of decay of medium- 
weight nuclei bombarded by alpha-particles 
have been accumulated by several investi- 
gators)». The results show a very large 
variety for the competition between charged- 
particle and neutron emission. To what ex- 
tent and in how much detail the competition 
between various nuclear reactions could be 
fitted by the statistical theory have been dis- 
cussed. The recent report by Dostrovsky, 
Fraenkel and Friedlander” shows that the 
experimental excitation functions of nuclear 
reactions in the mass range Cr*°-Se* could 
be fitted by the evaporation calculation with 
a unique set of the pairing and shell energy 
corrections. 

As a part of our systematic study in which 
the cross sections of alpha-induced reactions 
on medium-weight nuclei at intermediate 
energies are investigated, we report here 
the results of the alpha-induced reactions on 
Fe*!. Fe+ is a suitable nucleus for measur- 
ing the competing reactions between proton 
and neutron emission. The excitation func- 
tions for the (a, p), (a, ), (a, pn), (a, 2%), 
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reactions have been measured****, 


§2. Experimental 


The bombardments were performed with 
the external alpha-particle beam from the 160 
cm INSJ cyclotron by means of a “stacked- 
foil” technique. The beam was _ collected 
in a Faraday cup and the total charge of the 
beam was measured by a current integrator. 
A more detailed description of the bombard- 
ing system is given in the previous re- 
ports!”.!), In different experiments, the initial 
alpha-particle energies were 40.2 and 32.0 
MeV, and certain energy region was covered 
in the different runs. The experiment with 
32.0 MeV alpha-particles was duplicated. For 
the Fe°4(a, an)Fe*® and Fe**(a, apn)Mn*™ re- 
actions, the separate bombardments with 
short irradiation times were performed. 

The targets consisted of natural-iron foils 
(7.70.1 mg/cm?) whose impurities were che- 
mically analyzed. 


Impurity 


Lago 1 iPandey Suid| Mn 
| 


Content (4) | 0.010 | 0.11 | 0.011 | 0.09 


«ee We knew, after our experiment had already 
finished, that there were the unpublished data for 
the (a, p), (a, n), (a, pn), (a, 2n), (a, penta, 3n, 
and (a, 2pn) reactions on Fe*4 measured recently 
by Houck and Miller’), 
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The contribution of manganese impurity to 
the Fe®*(a, p)Co*’ cross section was examined 
from the measured reaction cross sections on 
Mn** (see ref. 10), and was estimated to be 
within, 5%. 

After the bombardment, the target foil 
was dissolved in acid and nickel, manganese, 
cobalt and iron were chemically separated by 
means of an anion exchange resin. 

The disintegration rates of the samples were 
determined by measuring §-particles with a 


(cm?) 
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Fig. 1. Excitation functions for the alpha-induced 
reactions on Fe‘4, 
Fe54(a, p)Co5? 
Fe54(a, pn)Co%s 
Fe4(a, an)Fe53 

Fe®4(a, p2n)Co* + Fe54(a, 3n)Ni® 
Fe54(a, apn)Mns2s L] Fe4(a, a2n)Fe®2 
Fe54(a, 2n)Ni5®; The ordinary and the in- 
verse triangles represent the data from 
each separate runs. The systematically 
high values of \7 compared with those of 
Z\ may be due to the slight contamination 
of cobalt into nickel fraction. 

| Calculated threshold for each reaction 

indicated above the arrow, on Fe’. 

The numerical data not shown in this Figure are 

a(a, 2n) at ~18 MeV=~2~x 10-29 cm? 

o(a, a2n) at 36.4 MeV =(5+1) x 10-29 cm? 

u(a, a2n) at 34.6 MeV=~1x 10-29 cm2, 


©. Fe®4(a, n)Ni5? 
A Feo4(a, 2n)Nidé 


<|/ B® x > @ 
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calibrated GM counter and a 478-counter and 
y-rays with an (1-3 in. dia. x2 in. high, 1-3 
in. dia. x1 in. high and well type) Nal scin- 
tillation counter. The counting techniques 
and the calibration methods are presented in 
more detail in the Appendix. 


§3. Results and Discussion 


The absolute cross sections are plotted as 
a function of alpha-particle energy in Fig. 1, 
together with the energy spread in target foil 
and with the estimated error of the magnitude 
of cross section for some experimental points*. 
The (a, p) and (a, ”) excitation functions on 
Fe®+ were measured below the thresholds of 
the (a, p2n) and (a, 3m) reactions on Fe**, re- 
spectively. 

In obtaining all these cross sections, cor- 
rections were made for the “ recoil-loss ” from 
target foil. The amounts Of “ recoil-loss” for 
each reaction were measured as a function of 
alpha-particle energy. The amount of “ recoil- 
loss” is abont 7% for the 7.7 mg/cm? iron 
foil at the incident alpha-particle energy of 
40 MeV, and it decreases with decreasing 
alpha-particle energy. 

The present experiment shows quite strik- 
ingly the predominance of protron emission 
over neutron emission. The energy depend- 
ences of the ratios of o(a@, p)/o(a, n), a(a, pn) 
/o(a, 2n) and o(a, apn)/o(a, a2n) are repres- 
ented in Fig. 2. 

The ratio of o(a, p)/o(a, n) is about 3.5 in 
this experiment. It is of interest to compare 
this ratio with the result of Carver and 
Turchinetz'*) who measured the competing 
processes in the photo-disintegration of Ni*®. 
The ratio of o(7, p)/o(7, n) is almost constant 
at the photon energies between 20 and 32 MeV 
which correspond to the alpha-particle energies 
of 15-28MeV, and is about 2.5. In both 
cases, the proton emission from Ni5* appears 
to be favoured over neutron emission by about 
the same factor. 

It is interesting to note that there is a 
small “knee” at the incident alpha-particle 
energy of about 20MeV in the excitation 
function for the (a, 2”) reaction on Fe**. This 


* A part of the present result was reported 
previously as the Short Note in this Journal!2), 
The data in the previous report have been renewed 
in this paper by some corrections which are mainly 
due to the determination of counting efficiencies 


’ the level densities of residual nuclei. 
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“knee” was carefully determined by two 
separate bombardments. The only source of 
ambiguity may come from the chemical sepa- 
ration of nickel and cobalt. The contamina- 
tion of cobalt into nickel fraction was reduced 
below ~1x10-* by careful procedures. It is 
thought that this “knee” is beyond the ex- 
perimental error. 
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Fig. 2. Ratios for a(a, p)/o(a, n), o(a, pn)y/o(a, 2n) 


and o(a, apn)/o(a, a2n). 
@ «a(a, p)/o(a, n) 7X 
Mi ola, apn)/o(a, a2n) 
LA ala, pn)/o(a, 2n); Derived from the values 
of VY in Fig. 1. 


a(a, pn)/o(a, 2n) 


The ratio of o(a, pn)/c(a, 2n) at the incident 
energy of about 18 MeV shows a large value 
of about 1000. As the energy of alpha- 
particles is increased above the threshold for 
the (a, 2) reaction this ratio drops rapidly 
and is observed to have a minimum value of 
about 70 at ExxX20 MeV, followed by an in- 
crease to a maximum of about 100 at 25 MeV, 
further a gradual decrease with increasing 
energy. The minimum is a consequence of 
the “knee” that is observed in the (a, 27) 
reaction. 

In the compound nucleus picture, the emis- 
sion probabilities are very sensitive to the 
binding energies of various particles and to 
The 


experimental results in which the (a, pm) reac- 
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tion competes favourably with the (a, 2n) 
reaction have been reported in other cases in 
this mass region; for Ti, Cr®°, Nis, Zn*4 
and Ge" targets.!).2).“..).9 The residual 
nuclei of all the (a, 2m) reactions mentioned 
are even-even, while those of the (a, pm) reac- 
tions are odd-odd nuclei and are expected to 
have a greater density of levels. This dif- 
ferences in the level densities of the residual 
nuclei may play a role in part to reduce the 
(a, 2n) reactions, together with the fact that 
the thresholds of the (a, 27) reactions are con- 
siderably higher than those of the (a, pn) 
reactions. A support of this view is obtained 
from the large (a, 2”) cross sections observed 
for V*°, Mn*, Cu%, Ag!*? and Ag!®® targets, 
where the residual nuclei are not even- 
even.®.8—19 Jn addition, the effect of closed 
shell on the level density may be taken into 
account and this effect further reduces the 
(a, 2m) reaction on Fe*‘, since the residual 
Ni®® nucleus is double magic. 

The (a, apn) cross section shown in Fig. 3 
is that for ground-state formation. The ratio 
of the (a, apn) cross section for isomer forma- 
tion to that for ground-state formation (dm/d,) 
was measured at the incident alpha-particle 
energy of 40 MeV, and was about 0.05. 

The ratio of o(a, apn)/o(a, a2n) is about 
180 at the highest incident alpha-particle 
energy attained. As the energy of alpha- 
particles is increased above the threshold for 
the (a, a@2n) reaction, this ratio drops rapidly 
and then probably decreases monotonically tc 


Cross section (cm2) 


10 20 30 40 
(Ea)igp, (Mev) 
Fig. 3. Sum of the Fe54 excitation functions. 
— Total reaction cross section calculated 
from continuum theory. 
@ Sum of the observed cross sections. 
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an asymptotic value. Unfortunately, the 
asymptotic value could not be obtained at the 
incident alpha-particle energies available in 
this experiment. 

The cross section shown as that of the 
(a, p2n+a, 3n) reaction is perhaps mainly due 
to the (a, p2n) reaction and of course includes 
substantial contribution from triton emission. 
The cross section of the (a, 3”) reaction may 
be very small because of the low yield of the 
(a, 2n) reaction. 

A comparison between the sum of the ob- 
served cross sections and the total reaction 
cross section calculated from continuum theory 
(according to Shapiro’s calculation) is shown 
in Fig. 3. A value of 7=1.7x10-* cm ap- 
pears to give the reasonable fit to the low 
energy part of the sum of the observed cross 
sections. The difference between the calculated 
total cross section and the sum of the ob- 
served cross sections at higher energy part 
may reflect a substantial contribution of the 
unobserved reactions. The most probable 
reactions which are missed in this experiment 
may be the (a, 2p), (a, 2pn), (a, ay) and (a, 
a@p) reactions. The threshold of the (a, 2p) 
reaction is lower than that of the (a, pm) reac- 
tion by about 5.8 MeV, thus the (a, 2p) reac- 
tion may be quite important despite of the 
Coulomb barrier of proton emission. The 
(a, ap) reaction may compete favourably with 
the (a, an) reaction and contribute substanti- 
ally to the total reaction cross section, when 
the enhancement of proton emission and the 
large ratio of o(a, apn)/o(a, a2n) in this study 
are considered. A rather large value of 7% 
has been obtained in other cases in this mass 
region; <7@x10-"cm forin® and INi**, 1.6 
x 10-12 cm for Zn84 4) ,10), 14) 

Recently, the total reaction cross section 
for alpha-particles in the energy range 10-50 
MeV has been calculated by Igo!» in terms 
of the optical model using the nuclear poten- 
tial (exponential at the nuclear surface) 
derived from the analysis of elastic scattering 
data. It is interesting to cite that the low 
energy part of the sum of the observed cross 
sections in this experiment is found to give 
a reliable fit to the total reaction cross section 
predicted from the optical model calculation. 
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and the other members of staff of Low Energy 
Division in this Institute for their interest and 
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Table I. Nuclear data necessary for the 
calculation of disintegration rate. 


| aups Emission Probability 
Nuclide | ne ip aes and" of Beta- and 
me DeLay Gamma-Rays (%) 
Bt 0.85 MeV 40 
Nid? 37h | B+ 0.71 MeV 6 « 
B+ 0.33 MeV 0.9 
Nise 6d | 
7 0.122MeV | 
57 100 
j ape Lica Ry Re 
Bt 1.50 MeV 
con | 77 |B* 1.00 MeV 18 
‘ p+ 0.44 MeV 
r 0.845MeV 100 
| B+ 1.51 MeV 40 ) 
Coss | 18h|g@+ 1.04 MeV | 36 ae 
| B+ 0.79 MeV 3 
| Bt 2.86 MeV | 
Fess 8.9m) B+ 2.38 MeV | 98 
| B* 1.57 MeV } 
s = = | 
Fes2 8.2h|}7 0.165MeV 100 
Mn®2s | 5.7d | 8+ 0.58 MeV | So) 
Mn®™| 2im|y7 1.43 MeV | 100 
Appendix 


Counting and Calibration Procedures 


Ni®’—The decay of Ni” was followed by a 
GM counter. The annihilation radiation and 
the characteristic 7-rays from Ni*’ were also 
measured, and these were served for the 
calculation of relative yields. After Ni? had 
decayed to Co’’, the disintegration rate and 
the relative yields of Co” were measured by 
a well-type Nal scintillation counter. The 
4x8-counting and the measurement of the 
coincident annihilation radiation (see Co**) of 
Ni*’ were also served for the calculation of 
disintegration rate, and the consistency be- 


—S 
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tween the values from these two methods 
and the value from the measurement as Co’? 
was very good. The relative yields were 
consistent (within 5%) with each other in 
several counting procedures. 

Ni*—After Ni*® was allowed to decay to 
Co**, the disintegration rate was measured as 
Coz. 

Co*’—The 122 and 137 keV y-ray photopeaks 
were measured in a well-type Nal scintillation 
counter. The measurement was performed 
at about a year after the bombardment in 
order to reduce the contribution of Co** and 
Co** from the (a, pm) reactions on Fe! and 
Fe**. The counting efficiency was taken as 
0.85. (see ref. 10) 

Co**—The relative yields were obtained by 
measuring the y-rays above 1.5 MeV with an 
Nal scintillation counter. The determination 
of disintegration rate is as follows. The two 
0.51 MeV y-rays from positron annihilation 
were detected in coincidence by two Nal scin- 
tillation counters positioned 180° from one 
another with respect to the source. The 
disintegration rate was obtained by applying 
the counting efficiency calibrated with an Na” 
standard source. The absolute activity of the 
Na”? standard source had been determined by 
a (annihilation 7-1.28 MeV7) coincidence count- 
ing and a 4z8-counting within an error of 
5%. The Co**® was also measured with a 


' calibrated GM counter and a 4z8-counter, and 


the disintegration rates from these two 
methods were consistent with that from the 
measurement of the coincident annihilation 
radiation within 5%. The disintegration rate 
was also cross-checked by applying the photo- 
peak efficiency to the counting rate of y-ray 
measurement. The disintegration rate from 
the y-ray measurement is about 28% smaller 
than that from the measurement of the coin- 
cident annihilation radiation. This deviation 
may be due to the difficulty of estimating 
the photopeak in the y-ray spectrum and to 
the fact that the calculated photopeak effici- 
ency is not correctly applicable to this experi- 
ment. The plotted cross sections for the 
(a, pn) and (a, 2m) reactions are based on the 
measurement of the coincident annihilation 
radiation. 

Co}—The relative yields were obtained by 
analyzing the decay curves of the ;-rays 
above 1.1MeV. The decay was also followed 
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by the GM counter whose efficiency had been 
calibrated with various $-emitters of known 
disintegration rates, and this was served for 
the calculation of the disintegration rate of 
Cox 

Fe**—Immediately after the bombardment, 
without chemical separation, the decay was 
followed by measuring the coincident an- 
nihilation radiation and the disintegration 
rate was obtained as in the case of Co**. 

Fe**—The 165keV 7-ray photopeak was 
measured with a well-type Nal crystal. The 
photopeak efficiency was estimated as 0.80. 

Mn*?8—The decay was followed with a 
calibrated GM counter, and a 47 §-counting 
was also performed. The disintegration rates 
from these two procedures agreed to within 
10%. 

Mn*?™—Immediately after the bombardment, 
without chemical separation, the decay of the 
1.43 MeV y-ray 'photopeak was followed with 
an Nal scintillation counter. The disintegra- 
tion rate was obtained by applying the photo- 
peak efficiency to the counting rate. 
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The gamma-rays from the N'4(p,7)O! reaction at the H,)=278 kev 
resonance, corresponding to the 7.56 MeV level in O15, were studied with 
a large crystal scintillation spectrometer. The direct ground state transi- 
tion gamma-ray of about 3% in intensity of the total decay was found 
to exist in addition to the three known cascade lines. Angular distri- 
butions of these gamma-rays are all isotropic, supporting the Jn=%+ 
assignment to the resonance state. The transition strength (radiation width 
in units of Weisskopf single particle width) of the direct ground state 
transition H1 gamma-ray is calculated to be |M|?=4.15x10-®, which is 
by a factor of 10-4 smaller than the normal #1 transition strength found 


in light nuclei. 


Other transitions in O1 are estimated to be of normal 


strength compared with Wilkinson’s estimation. 


§1. Introduction 


The gamma-rays from the N!4(p, 7)O re- 
action at the 278kev resonance were first 
studied by Johnson, Robinson and Moak, who 
found three cascade lines decaying through 
the levels in O at about 6.82, 6.18 and 5.23 
MeV." Bashkin, Carlson and Nelson studied 
the high energy gamma-rays with a three 
crystal scintillation spectrometer, and assigned 
J=$xfor the resonance state on the basis of 
the small 0°—90° difference in the ratio of 
the 6.1 MeV to the 5.2 MeV gamma-ray and 
also of the absence (<5% of the 6.10 MeV 
line) of a direct ground state transition gam- 
ma-ray.”** Overley, Pixley and Whaling, on 
the other hand, assigned spin and parity 4+ 
for the resonance state from their elastic 
scattering measurement of protons.) If the 
J=3+assignment is correct, the direct ground 
state transition must be of £1 character, 
with the consequent result that this Fl transi- 
tion is abnormally inhibited compared with 
the Weisskopf single particle transition rate, 
and also even with the Wilkinson’s estima- 
tion for the normal £1 transition rate in light 
nuclei.*?’»» This point was further investigated 
in the present work. 


§2. Experimental Method 


Titanium nitride powder, formed by heating 


* Present address: Radiation Center of Osaka 
Prefecture. 

** Recently S. Bashkin reported that his latest 
results showed isotropy, superseding the earlier 
report of anisotropy. 


and grinding titanium grains in an atmosphere 
of natural nitrogen,*** was pressed onto a 
copper backing, and was bombarded with a 
proton beam up to 100 uA from a Cockcroft- 
Walton generator. Gamma-rays were detected 
with a Nal(Tl) crystal, 5 in. in diameter by 
4 in. thick, and a 100-channel or a 10-channel 
pulse height analyzer. The latter was used 
for gamma-ray energy measurements because 
of its superior linearity. Energy calibration 
was carried out by using the radioisotopes, 
ThC’’(2.615 MeV), Sb!#4(2.088, 1.692 MeV), Na”? 
(1.277, 0.511 MeV), Sc*6(1.119, 0.885 MeV), and 
Cs!37(0.662 MeV). Gamma-ray spectra and 
angular distributions were measured at 0° and 
90° directions to the proton beam, with the 
front face of the crystal usually 150mm apart 
from the target. For the purpose of examin- 
ing the contribution of the sum peak to the 
7.56 MeV ground state transition line, various 
source to crystal distances were employed, as 
will be mentioned below. Other details of the 
apparatus and the method of analysis are 
nearly the same as were described in previous 
publications.® »” 


§3. Results and Discussions 


Fig. 1 shows the scintillation spectra measur- 
ed at 0° and 90° directions to the proton beam. 
Six gamma-rays belonging to the three cascade 
lines through the levels at 6.80, 6.16 and 
5.18 MeV were apparently observed, with the 


*** The TiN target was kindly prepared by 
Prof. T. Nishi of Engineering Research Institute, 
Kyoto University. 
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‘relative branching ratios of (22.321.6) %, 
(57.54.0)% and (17.2+1.2)% of the total 
decay, respectively. In addition, a small peak 
at the highest energy can be attributed to 
the direct ground state transition 7.56 MeV 
gamma-ray, although at the distance of 150mm 
between the front face of the crystal and the 
source as in the case of Fig. 1, about one 
third of this peak is attributable to the co- 
incident detection of cascade lines. 
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Fig. 1. Scintillation spectra of gamma-rays from 
the N44(p, 7)O4 reaction at the 278 kev resonance, 
taken at zero and 90-degrees to the proton beam. 
The dotted curves show the decomposed spectra. 


To establish the existence of this weak 
7.56 MeV gamma-ray, the highest energy part 
of the spectra was measured at various source 
to crystal distances between 15 and 280mm, 
and the relative counts of the 7.56 MeV peak 
are plotted as a function of sum peak ef- 
ficiency in Fig. 2. Least squares fit to the 
straight line of these points yields (3.030.19)% 
of the total decay as the intensity of the 
7.56 MeV gamma-ray. Sum peak contributions 
in each of these spectra were estimated by 
using the photopeak efficiencies of the 2.38, 
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1.40 and 0.76 MeV gamma-rays, taking into 
account the effect due to the angular cor- 
relations of the cascade lines, which were 
measured recently by Povh and Hebbard.®) 
The net relative intensities of the 7.56 MeV 
gamma-ray thus obtained at each distance are 
also shown in Fig. 2 (open circles), yieldig 
(3.03+-0.15) % as a mean value, in good agree- 
ment with the value cited above. This 
7.56 MeV line was checked to be resonant at 


278 kev. 
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Fig. 2. The relative intensity of the 7.56 MeV 
peak as a function of sum peak efficiency. The 
dots represent the total intensity of the 
7.56 MeV peak and the circles are the net in- 
tensity of the 7.56 MeV gamma-ray after sub- 
tracting the sum peak contributions. 


Precise energy measurements were carried 
out for the low energy, primary transitions 
using the calibration lines already mentioned. 
Although doublet levels are known to exist 
in O'% at 5.2MeV (doublet of 5.18 and 
5.24 MeV) 19 and 6.8MeV (doublet of 6.79 
and 6.86 MeV),!”” the inspection of the observed 
spectral line-shape indicated that the transi- 
tions occur mainly to only one member of 
the doublet. Then, from the measured gamma- 
ray energies (see Table I), the excitation 
energies of the feeding levels were estimated 
as 6.797+0.009, 6.163+0.011 and 5.177+0.016 
MeV, using the Q-value of 7.300--0.004 MeV 
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Table I. Gamma-rays observed at the 278 kev resonance in the reaction N!4(p, 7)O". 
ea ee Sheree er A i fee he : : Transition 
Ey(MeV) Transition parece Ele Ae PY Multipolarity strength |M|? 
7.56* 7.5630 | 3.02: 042 0.02+0.10 El 4.15x 10-6 
6.80* 6.80>0 21.8+10% —0.02+0.02 
6.16* 6.160 Bile, 7 0.00+0.01 
5.18* 5.180 iS: dere —0.02+0.03 | 
| | | 
2.383+0.015 | 7,565.18 16.2+10% —0.02+0.03 M1 2.42 x 10-2 
1.397+0.010 7.56-6.16 57.9 >~¥# 0.00+0.02 © El 1.26x 10-2 
0.763+0.008 | 7.566.80 22.0 0eY —0.01+0.03 M1**** 9.51x10-! 
1.62 | 6.80+5.18 ears 


0.98 6.16>5.18 <1.4 


} 


* These energies were computed using the measured lower gamma-ray energies and the excitation 


energy of 7.560 MeV for the resonance state. 


** High and low energy parts of the spectra were separately normalized. 
*«* Coefficient of P,(cos 6) term assuming the angular distribution of the form W’(6)=1+4 G2A2P2(cos 6). 
*KKK (0.67% H2 admixture is present in this transition.®) 


of the N'*(p, 7)O" reaction’? and the resonance 
energy of 278.1+0.4kev.'!” These excitation 
energies agree well with those found by other 
methods within the experimental error, and 
clearly show that the lower members of the 
doublets are populated, in agreement with the 
results of Povh and Hebbard recently re- 
ported. 

The angular distribution of each gamma- 
ray component was measured at 0° and 90° 
relative to the proton beam, which resulted 
in a complete isotropy, as can be seen in Fig. 
1. This eliminates the possibility of /=$+ 
for the resonance state and supports the 

=4+assignment from the proton elastic scat- 
tering experiments,®) although other assign- 
ments such as $— or $+ cannot be excluded 
only on the grounds of the isotropy of capture 
radiations. This /=$+assignment to the 
7.56 MeV level fixes the character of the weak 
7.56 MeV transition as F1. 

The measured gamma-ray energies, relative 
intensities and anisotropies are summarized 
in Table I, together with the assigned trans- 
itions and multipolarities and the calculated 
transition strength |//|?, about which we shall 
discuss below. 

Wilkinson has examined some 70 radiative 
transitions in light nuclei (A < 20),*») and found 
that the allowed £1 transitions have a transi- 
tion strength of about |M|?=0.032 Weisskopf 
units with the spread of about a factor of 7 
either way. Here transition strength |M|? 


=I',/T'~ is a radiation width measured in units 
of Weisskopf single particle width. In par- 
ticular, transitions with |M|?<10-* have all 
been assigned to be isotopic spin forbidden 
transitions. By using the radiation width of 
I’,=0.040+0.009 ev for the 278 kev resonance 
reported by Bashkin e¢ al. from the radiation 


1.064 


0278 
7800 


N“+p 


e 15 
Fig. 3. Level scheme of O15 showing the gamma- 
ray decay of the 7.56 MeV level. 
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yield measurement,” transition strengths of 
the four primary gamma-rays de-exciting the 
7.56 MeV level to the lower levels can be 
calculated and are listed in Table I. Other 
known £1 transitions in 0" are the transitions 
from the 8.29 MeV 3+ level (corresponding to 
the 1064kev resonance) to the ground and 
6.16 MeV levels,'® each having |M|?=1.4x 10-3 
and 9.3x10-* respectively. These strengths 
of £1 transitions in O, which are all of 
isotopic spin allowed character, are illustrated 
in the histogram of Fig. 4, together with the 


‘other Fl transitions compiled by Wilkinson. 


6 [] Allowed Transition 
E CSpi n Forbidden Transition 
Transition in0” — 


—+= EXAMBLES 


Toe ae 

IM| 

4. Distribution of strengths of #/1 transitions 
light nuclei (A<20). 
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It is to be added also that the two M1 transi- 
tions listed in Table I and the 3.05MeV M1 
transition from the 8.29MeV level to the 
5.2 MeV level(s) in O'(|M|?~ 0.55) all have a 
normal strength for M1 transitions (|M|?=0.15 
with the spread of a factor of 20 either way). 
Only the 7.56 MeV transition is found to have 
an abnormally small strength compared with 
all the other known £1 transitions in light 
nuclei, even with the isotopic spin forbidden 
transitions. This is considered to be due to 
the very weak fractional parentage overlap 
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of the states concerned, which results in the 
cancellation of the transition matrix element. 
Other examples of weak transitions as present- 
ed here may also exist, and the distribution 
of El or M1 transition strengths already 
known might somewhat have to be modified, 
since the weak transitions are liable to have 
escaped detection and are not reported. It 
would further be necessary to seek for the 
possible transitions or to set the limits on 
their strength in order to compare them with 
model predictions on a firmer basis. 
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Lower Excited States in P” from the Si¥(p, 7) P” Reaction 
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The gamma-rays from the Si?§(p, 7) P29 reaction at the H»p=369 kev 
resonance were studied with a large NaI (Tl) crystal scintillation spectro- 
meter. The resonance state, corresponding to the 3.116+0.012 Mev fourth 
excited state in P29, was found to decay by (74+4)% to the first excited 
state at 1.384+0.008 Mev and by (26+4)% to the second excited state at 
1.961+0.013 Mev which decays predominantly to the ground state. 

From the angular distribution measurements of each gamma-ray line, 
spins and parities of these lower levels in P29 were unambiguously 
assigned as follows: 1.38 Mev(Ist), J=3/2+; 1.96 Mev(2nd), J=5/2+; 
3.12 Mev (4th), J=5/2+. These assignments are all consistent with the 
known character of the corresponding levels in the mirror nucleus Si29, 


and are also in agreement with the theoretical predictions. 

From the precise gamma-ray energy measurements, the Q-value of this 
reaction was estimated as 2.760+0.013 Mev, which is by about 36 kev 
larger than the published value based on the #-ray end-point energy 


measurement. 
to be (4.7+0.8) x 10-3 ev. 


Introduction 


The isobaric nuclides Si?°-P?? are of in- 
terest as they possess a single nucleon out- 
side of a closed ds/2 sub-shell, and a rather 
simple theoretical interpretation of their mode 
of excitation may be possible. Feenberg has 
applied a weak coupling collective model to 
the Si2°-P?® system, assuming the coupling 
between s and d orbitals through the media- 
tion of surface waves.) On the other hand, 
Bromley, Gove and Litherland have considered 
the possibility of applying a strong-coupling 
collective model based on a Nilsson model to 
explain the level properties of Si?.2) This 
model has succeeded in explaining the level 
sequences of the Mg?*-Al®* pair, but the ex- 
tension to the A=29 system may not be fully 
justified on account of decreasing spheroidicity 
with increasing A in this mass region. Re- 
cently Pandya calculated the energy levels 
and other properties of Si?® in some detail, 
assuming a weak coupling between a single 
nucleon and the vibrational motion of the 
core.® 

The properties of the lower levels in Si?® 


SI. 


| Present address: Radiation Center of Osaka 
Prefecture. 


The resonance strength (2J+1)IpIy/T'»+Ty) was found 


were extensively studied by various reactions, 
namely, Si*(d, p)Si?|” Si#(p, Dp, y)oi> ane 
Si28(n, 7)Si?*,® and also by the §-decays of 
Al®?® and P*®.5).”,, The low levels of P2*, how- 
ever, have not been so well investigated, but 
only a study of the Si?*(d, ”)P2® reaction in- 
dicated the existence of levels at 1.30 Mev 
(ly =2), 1.92 Mev (p>=2), 2.5 Mev, 2.9 Mev and 
3.5 Mev excitation.®? Higher excited states in 
the 4.1-6.4Mev region in P®” (F,=1.4-3.8 
Mev) were recently studied through the elastic 
and inelastic scatterings of protons on Si”, 
and the spins and parities were assigned.” 
Van Oostrum et al. have also established 
a resonance for the Si?*(p, 7)P2° reaction at 
367-2 kev, and the gamma-ray spectra were 
reported.'” In the present investigation, 
more detailed studies of the de-exitation 
gamma-rays from this reaction were at- 
tempted, and some new informations obtained 
are presented and discussed. 


§2. Experimental Apparatus 


Magnetically analyzed proton beam from 
a 600 kev Cockcroft-Walton generator was 
used to bombard a thick metallic silicon target 
of natural abundance, which was made by 
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grinding pure (99.999%) silicon crystals and 
pressing onto a 0.5mm thick copper backing. 
A rather broad beam spot about 10mm high 
and 6mm wide was used in order to avoid 
the local melting of the target, and usually 
a proton beam of about 804A was safely 
used. 

Gamma-ray spectra were measured with 
a large Nal (Tl) crystal, 5in. in diameter by 
4in. thick, and a Hutchinson-Scarrott type 
100-channel or a Johnstone type 10-channel 
pulse height analyzer. Details of the electro- 
nic equipments and the target assembly, to- 
gether with the method of analysis of gamma- 
ray spectra, have been described in earlier 
publications.'”.!2, Special experimental pro- 
cedures for the present investigation will be 
described separately in the following sections. 


§3. Measurements and Results 


1) Gamma-ray Spectra and Decay Scheme 
The excitation curve taken with a thick 
natural silicon target (Fig.1) shows resonances 
for high energy gamma-rays (E,>2.2 Mev) at 
about 330 and 415 kev, while for gamma-rays 
of energies between 0.9 and 2.2 Mev, a sharp 
step was observed at about 367kev. These 
are in complete agreement with the reports for 


x10 
15 — 


Stipx) YIELD 


—o— 2.Mev<PHE5 Mev Si | 
—e— 0.9Mev<PH<22 Mev 


COUNTS PER 5000 pC 


300 350 400 450 500 
PROTON ENERGY (Kev) 


Fig. 1. Gamma-ray yield from proton bombard- 
ment of a thick natural silicon target. Slight 
slopes observed are due to the broad Cl?+p 
resonance, 
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the resonances of the Si2°(p, 7)P®° reaction at 
326.4+1.2 and 415.3+1.3kev, and of the 
Si?*(p, 7)P?® reaction at 368.9--0.7 kev.’ We 
have measured the gamma-ray spectra above 
and below the Si**(p, 7)P®® resonance, namely, 
at 390-+8kev and at about 340 kev, and the 
contributions from the Si?°+) and the possible 
contaminant F!°+ reactions were subtracted 
together with various backgrounds. The gam- 
ma-ray spectra at the 326kev resonance of 
the Si?°(p, 7)P®° reaction have only a weak 
(5% of the total decay) single 1.45 Mev line 
in the energy region between 1 and 3 Mev,‘ 
which, associated with the small abundance of 


PROTON 


BEAM TARGET 


Fig. 2. Target and spectrometer assembly, em- 
ployed in the measurements at d=10cm. In 
the case of d=15cm, a cone-shaped lead shield 
of another type was used. 


Si*(,¥) pes 


a 9=30 
é —*— HIGH Ep SPECTRUM 
‘700 —e— LOW Ep SPECTRUM 


—x— BEAM OFF BACK- 
GROUND 


—+» COUNTS PER CHANNEL 


FT) 1S 20 25 
—+» PULSE HEIGHT (Mev) 

Fig. 3. Gamma-ray spectra taken on the reson- 

ance, below the resonance and with no proton 

beam, at e=30° and d=10cm. Background pro- 

portion was of nearly the same magnitude in 

the measurements at d=15cm, on account of 
increased proton intensity. 
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Si?” (4.68%), made the presence of this lower 
resonance reaction easily tolerable. At E>» 
=390 kev, 2.30Mev contaminant gamma-ray 
from the C!2(p, 7)N'® reaction always appeared. 
At E,=340kev, this gamma-ray appeared 
as 2.25Mev and much reduced in intensity, 
so only a part of the low energy side of the 
peak was subtracted. 

Since the radiations from the Si?*(p, 7)P*® 
reaction were low in energy and weak in 
intensity, counting rate due to the natural 
radioactive background was rather appreci- 
able, and a lead shield of cone shape was 
installed in front of the crystal, as shown in 
Fig. 2. Examples of the spectra taken on 
and below the resonance, as well as of the 
natural background, obtained at @ (direction 
of the detector to the proton beam)=30° and 
at d(distance between the target and the 
front face of the crystal) =10cm, are illustrated 
in. Fig:s3. 

The net spectra obtained at 0=90°, 45° and 
0°, at d=15cm, with a 100-channel pulse 
height analyzer, are shown in Fig. 4. Four 
gamma-rays with energies of 1.96, 1.73, 1.38 
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and 1.16 Mev were apparently observed, to- 
gether with the C’® contaminant peak. Total 
spectra were decomposed into these five 
gamma-rays with the help of the standard 
line shapes obtained by the interpolation of 
the line shapes of monochromatic gamma-rays 
from the C!#(p, 7)N' reaction (2.37 Mev) and 
from the radioisotopes Y® (1.85 Mev), Na” 
(1.28 Mev) and Zn* (1.12 Mev). These standard 
spectra were taken at d=10 and 15cm 
respectively, with the standard arrangement, 
and are shown in Fig. 5 for the case of d= 
15cm. Each peak in the total spectrum was 
able to be well fitted to the monochromatic 
line shape. The relative intensities were cal- 
culated using the decomposed spectra and the 
total detection efficiencies of Nal crystal, 
tabulated by Wolicki ef al., and are listed in 
Table I. The angular distributions as well as 
the absorption in the target backing were 
taken into account. 

These relative intensities and the precise 
determination of gamma-ray energies (see the 
next section) support the cascade scheme 
through the 1.38 and 1.96 Mev levels, as had 


¢— 138Mev 


Si@.nP 
—— §=90" 


173 Mev 


hz: =: : & AaRsgh2agak $9 
20 5 


— = PULSE HEIGHT Mev) 


Fig. 4. Scintillation spectra taken at 9=90°, 45° and 0° relative to the proton beam, at d=15cm. 
Contributions from the lower Si29+p resonance were subtracted, ° The dotted curves show the 
individual pulse height spectra into which the zero degree spectrum was decomposed. 
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been proposed by Van Oostrum et al. This 


was also checked by a coincidence measure- 


ment. The branching ratios of these two 
cascades were calculated to be (74+4)% to 
(26+4)% from the average of the intensities 
of cascade lines. 

The 3.12 Mev direct ground state transition 
gamma-ray from the resonance state was 
estimated to be less than 2.7% of the total 
decay, after correcting the sum peak contribu- 
tions due to the coincident detection of cas- 
cade lines. 
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5 L bad » 237 Mev 
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Fig. 5. Line shapes of four monochromatic gamma- 
rays of energies between 1 and 2.5 Mev, for 
5in. dia.x4in thick Nal crystal, measured at 
d=15cm and with no collimation. 


Table I. Gamma-rays observed at the 369 kev 
resonance in the Si® (p, 7) P29 reaction. 
Relativ € Reaction 
By Transition Tener yield 
ate (mev) 
(Mev) captures 
1.96140.015 1.96-0 24.4+10% 
1.731+0.009 3.12>1.38 69.9410% 0.58+0.10 
1.384+0.008 1.380 77.6410% 
1.155+0.006 3.12>1.96 28.1410% 0.201+0.04 
SalZ 3.120 <a Dieidh 
2.0 2.5 >0 Ki 50) 
0.58 1.961 .38 <4 
12530 C2 contamination 


0.511 annih. rad. 


A possible 0.577 Mev gamma-ray as the 
transition between the 1.96 Mev second and 
the 1.38 Mev first excited states was not posi- 
tively observed. An attempt to detect this 
cascade transition by the coincidence method 
was unsuccessful because of the very low 
yield of the gamma-ray and the proximity of 
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the 0.51 Mev annihilation line. Careful exa- 
mination of the singles spectra indicated the 
0.58 Mev cascade line to be at most 15% of 
the 1.96 Mev direct transition line, if present. 
This cascade line is expected to be very weak 
considering the decay mode of the correspond- 
ing 2.03MeV state in Si?®, in which case 
cascade branching ratio of about 1% is re- 
ported.®? 

The existence of a level at about 2.5 Mev, 
known from the Si?5(d, 7)P?® reaction, appears 
to give rise toa possibility of cascade decays 
through this level, but from the absence of 
the 2.5 Mev line in the singles spectra (<2% 
of the total decay), the cascades through the 
2.5 Mev level are believed to be fairly weak 
if present, considering that the corresponding 
level in Si?® at 2.43Mev decays directly to 
the ground state by an appreciable fraction.” 

The decay scheme obtained is shown in 
Rice} 

ii) Gamma-ray energies and Q-value 
The gamma-ray energies were precisely 
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Fig. 6. Level scheme of the mirror pair Si?®-P2. 

The excitation energies of the lower levels in 

P29 were computed from our gamma-ray energies. 

Higher level energies were calculated from the 

resonance energies using the measured Q-value 

of 2.760Mev. The spin assignements of the 
lower levels in P29 are discussed in the text, 
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determined using a 10-channel pulse height 
analyzer. Overall linearity of the measuring 
system was better than 1% and care was 
taken to reduce the counting rate so as no 
shift of the peak to occur. Energy calibra- 
tion was carried out before and after each 
run of experiments with the gamma-rays 
from the following radioisotopes; ThC” (2.615 
Mev), Sb! (2.088, 1.692 Mev), Y®® (1.851 Mev), 
Co® (1.332, 1.172 Mev), Na”? (1.277 Mev), Zn* 
(1.119 Mev). Several measurements were per- 
formed at #@=0° for the 1.96 and 1.16 Mev 
lines as well as at @=90° for the 1.73 and 
1.38 Mev lines. The results obtained are 
cited in Table I. From these gamma-ray 
energies the excitation energies of the first, 
second and fourth excited states were deter- 
mined to be 1.384-£0.008, 1.961+0.013 and 
3.116=-0.012 Mev, respectively. These values 
are approximately in agreement with the re- 
sults of the Si?&(d,m)P®® reaction, yielding 
levels at 1.30, 1.92 and 2.9 Mev. An alter- 
native order of the cascade gamma-rays would 
yield levels at 1.16 and 1.73 Mev, which are 
incompatible with the (d,m) measurements. 
The Q-value of the Si?8(p, 7)P2° reaction is 
calculated to be 2.760-+0.013 Mev, using the 
resonance energies of 368.9-++0.7 kev, reported 
by Kuperus, Smulders and Endt.!®* This Q- 
value is by about 36kev larger than the 
published value, Q=2.724 Mev,” which was 
based on the end-point energy measurement 
of the P®® positron decay (Eg+(max)=3.945-+ 
0.005 Mev)” and on the Q-value of the Si?8(d, 
p)Si®?® reaction (Q=6.246=-0.010 Mev).!® This 
discrepancy may be due to some instrumental 
error in the measurement of the positron 
end-point energy. 


iil) Angular distributions 

The angular distributions of four gamma- 
ray lines were measured at 0=0°, 15°, 30°, 
45°, 60°, 75° and 90° with respect to the 


* Note added in proof:—From this Q-value, 
the mass of P29 is calculated to be 28.990980+17 
a.m.u., using the mass excess of —13.223+0.009 
Mey for Si?8. This is in excellent agreement with 
the recent results of Hinds and Middleton obtained 
by the magnetic analyses of the Si28(He3, d)P29 re- 
action products, yielding the mass of P29 as 
28.990978 + 16a.m.u. They also locate the first 
and second excited states in P29 at 1.368+0.010 Mey 
and 1.960+0.010 Mey, respectively. [S. Hinds and 
R. Middleton: Proc. Phys. Soc. 75 (1960) 444]. 
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proton beam. The earlier experiments were 
performed at the closer distance of d=10cm — 
between the counter and the target to reduce 
the natural background counts, but the dis- 
tance was increased to 15cm in the later 
measurements to reduce the attenuation effect 
of the finite solid angle of the detector on 
the coefficients of P:(cos@) term. This was 
essentially necessary to establish the spin of 
the 1.96 Mev level. The distance between 
the counter and the target was held constant 
within one millimeter at each angular setting. 
The radiation yield was monitored by an 
integrated proton current, since the intensity 
of the contaminant 2.3 Mev gamma-ray varied 
considerably with time. Several data taken 
at each angle were checked to be consistent 
with each other and were decomposed into 
five component gamma-rays as described in 
section i). After correcting the absorption 
in the target and target backing, angular 
distributions were fitted into the formula W’(@) 
=1+G:A2P2 (cos 0) +G.sAsPi(cos#@) by the 
method of least squares. The attenuation fac- 
tors due to the finite solid angle of the 


Table II. Angular distribution coefficients and 
their standard deviations obtained by the least 
squares fit of the data taken at d=10cm as well 
as at d=15cm, to an expansion of the form, 
W '(0)=1+G2 Az P2 (cos 0)+ Gs Ay Py (cos 6). The 
adopted values for the attenuation factors G» 
and G, are also listed. 


Measurements at d=10cm 


E 
(Mev) G2 Az G4 Ag 

1.96 0.839 0.2114+0.039 0.536 0.120-+0.080 
1.73 0.838 —0.809+0.041 0.534 0.026+0.074 
1.38 0.837 —0.568+0.017 0.530 —0.017+0.031 
LG Ox856 0.372+0.036 0.527 0.097+0.071 


Measurements at d=15cm 


Ey 

(Mev) Ge As G, Ag 
1.96 0.914 0.275+0.027 0.731 0.111+0.039 
1.73 0.913 —0.860+0.016 0.730 0.049+0.021 
1.38 0.912 —0.557+0.017 0.727 —0.027+0.023 
Lel6 s079RT 0.272+0.041 0.724 —0.015+0.058 


counter were taken from the curves calcu- 
lated by Gove and Rutledge.'?) The data ob- 
tained at d=10cm and at d=15cm were 
separately analyzed, and the resultant A» and 
A, coefficients are tabulated in Table II, to- 
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gether with the adopted attenuation factors, 
Gz and G,. The errors quoted in Table II 
are to be understood as standard errors and 
are mainly of statistical origin. In Figs. 7 
and 10, the angular distributions measured at 
d=15cm are shown as a function of cos? 0, 
together with the least squares fitted curves. 
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Fig. 7. Angular distributions of the 1.73—1.38 Mev 
cascade lines measured at d=15cm. The solid 
lines represent the least squares fitted curves, 
Ao(1—0.785 P2+0.036 Py) for the 1.73 Mev line 
and A)(1—0.518P:) for the 1.38 Mev line. 


As the angular distributions of the 1.73 Mev- 
1.38 Mev cascade lines, we have adopted the 
mean values of the two data, 1.e. 

1.73 Mev: W(@)=1—(0.84:0.02)P2(cos @) 

+(0.04s-£0.02)Ps(cos @) , 

1.38 Mev: W(8@)=1—(0.562+0.02)P2(cos @) 

—(0.02,0.02)Ps(cos @) . 
From these angular distributions we can 
deduce spins and parities of the levels con- 
cerned. Since the ground state of Si’* is 
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J=0+, the resonance state formed is expected 
to be /:=1/2+ for s-wave capture, /:=1/2— or 
3/2— for p-wave capture, and J; =3/2+ or 5/2+ 
for d-wave capture. Higher wave capture is 
highly improbable as will be discussed in the 
next section. Then the resonance state at 
3.12 Mev must be either /:=3/2+ or 5/2+, 
since the obvious anisotropies observed elimi- 
nate the case of /:=1/2+. On the other 
hand, the first excited state at 1.38 Mev has 
been assigned as either /2=3/2+ or 5/2+ on 
the basis of the /»=2 stripping pattern from 
the Si?8(d, ”)P?° reaction. These informations 
propose four possible cases of 3/2(DQ)3/2, 
3/2(DQ)5/2, 5/2(.DQ)3/2 and 5/2(DQ)5/2 as 
the spin sequence involving the 1.73 Mev 
transition. Calculated Az coefficients for 
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Fig. 8. Theoretical A:-coefficients, calculated as 
a function of dipole-quadrupole mixing ratio 1, 
for the first gamma-ray de-exciting a resonance 
state with spin J;=3/2 (upper figure) or 5/2 
(lower figure) to the state with J,=3/2 (solid 
curve) or 5/2 (dotted curve). 
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these cases are illustrated in Fig. 8, as a 
function of mixing ratio 0:. Here Huby phase 
correction!®) which affects the sign of mixing 
ratio has been taken into account. As is 
clearly seen, experimental A: coefficient of 
the 1.73 Mev gamma-ray cannot be fitted with 
the sequence 3/2(DQ)3/2 or 5/2(DQ)5/2. A 
slight possibility exists for the 3/2(DQ)5/2 
sequence with the mixing ratio —1.52<d.< 
—1.02. In the case of 5/2(DQ)3/2, experi- 
mental Aos-coefficient can be fitted to the 
theoretical one with either 6:=0.251-+0.014 or 
1=1.69+0.05. These mixing ratios yield the 
coefficient of Ps(cos@) term as A s=0.039=4 
0.004 or 0.48340.008 respectively, which, 
compared with the experimental value of 
AuexP =0.044+0.02, eliminates the larger value 
of O1. 

In order to distinguish between the two 
spin sequences 3/2(DQ)5/2(QO)1/2 and 5/2(DQ) 
-3/2(DQ)1/2, which were not uniquely selected 
by the above considerations, the measured 
A:-coefficient of the 1.38 Mev second gamma- 
ray is also compared with the calculated 
value in Fig. 9, with the mixing ratio 02 as 
a parameter. Here use was made of the 
mixing ratio of the first gamma-ray deter- 
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Fig. 9. Theoretical A»-coefficients, calculated as 
a function of multiple mixing ratio 65, for 
the second gamma-ray of the spin sequence 
5/2(DQ)3/2(DQ)1/2 (solid curve) or 3/2(DQ) 
-5/2(QO)1/2 (dotted curve), involving the cas- 
cade from the resonance to the ground state 
through the first excited state. 
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mined above, and the known character of 
J=1/2+ for the ground state of P?®. Obviously 
only in the case of the sequence 5/2(DQ)3/2 | 
-(DQ)1/2 the measured distribution can be) 
fitted to the calculated one with either d.= 
—0.167+0.021 or d62=—1.215+0.051, although | 
unique choice between these two solutions | 
cannot be made from our present informa- 
tions. Thus the resonance state at 3.12 Mev 
was found to have /=5/2+ due to d-wave | 
capture and to decay by a transition of pre- . 
dominatly M1 character with (6.3+0.8)% E2 
admixture to the first excited state at 1.38 Mev, 
which was together determined to be /=3/2+ 
and to decay to the /=1/2+ ground state by 
a transition involving either (3.040.6)% or | 
(146-+£10)% E2 mixture to M1 component. © 
Here we have used the angular distribution 
W(@)=1—(0.570+0.015)P2(cos 8) for the 1.38 
Mev second transition, excluding the P:(cos @) 
term on account of the /=3/2 nature of the 
initial level. 

Next we consider angular distributions of 
the 1.16 Mev-1.96 Mev cascade lines which 
were found to be, 


1.16 Mev: W(@)=1+4+(0.319+0.04)P2(cos 6) 
+(0.01950.05)Ps(cos @) , 


1.96 Mev: W(@)=1+(0.26s0.03)P2(cos 8) 
+(0.112£0.04)P,(cos 8) , 


after averaging the two data cited in Table 
Il. The intermediate state at 1.96 Mev is 
expected to be either J/=3/2+ or 5/2+ from 
the /»=2 pattern in the Si%8(d, m)P®* stripping 
reaction.® Of these two assignments, /=3/2+ 
may at first seem to be preferable since the 
level decays directly to the ground state. 
The corresponding level in Si?® at 2.03 Mev, 
however, has been assigned as /=5/2+ from 
the angular distribution measurements of 
gamma-rays following the inelastic scattering 
of protons on Si*.5) Theoretical predictions 
also support this assignment. On the other 
hand, our experimental A»-coefficients indicate 
that if the /=5/2+ assignment is correct, the 
1.96 Mev second gamma-ray must be an E2-M3 
mixture, with the mixing ratio 6.=—0.23+ 
0.09 or —1.58+0.28, although alternative 3/2+ 
assignment requires only several percents of 
£2 mixture to M1 for both the first and se- 
cond gamma-rays. To clarify these situa- 
tions definitely, the existence of P,(cos 0) 
term in the distribution of the 1.96 Mev line 
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was carefully checked with improved geometry. 
The results showed evidently the existence of 
P(cos @) term, as illustrated in Fig. 10, which 
eliminates the case of J=3/2+ and establishes 
the /=5/2+ assignment for the 1.96 Mev 
level. Then the 1.16 Mev first transition is 


calculated to include (1.4 T09)% E2 com- 
ponent to M1, while the 1.96 Mev direct 


ground state transition must involve 
(6>256:5) % M3 component to £2, as noted 
above. With these assignments, the <Aj- 


coefficients for the 1.16 and 1.96 Mev gamma- 
rays are calculated to be —0.005-+0.003 and 
0.144+-0.017 respectively, in agreement with 
the experimental values, 0.015-+0.05 and 0.11. 
0.04. 


iv) Resonance Strength 
From the absolute thick target yield of 
gamma-radiations, the resonance strength 
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Fig. 10. Angular distributions of the 1.16-1.96 


Mev cascade lines measured at d=15cm. The 
solid lines represent the least squares fitted 
curves, Ao(1+0.248P,—0.011P,) for the 1.16 Mev 
line and Ao(1+9.252P2,+0.081P,) for the 1.96 
Mev line. 
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or =(2i+1)P Ty/l»+ly) was calculated to 
be (4.72-+0.8) x 10-8 ev, or 7 =(0.786-0.13) x 10-2 
ev, using the calculated efficiencies of Nal 
crystal and the mean intensities of cascade 
lines. The proton widthI’, of this resonance 
is then 0.79x10-*ev or larger, and the 
reduced proton width in units of sum rule 
limit, z.e. r»?/(#?/uR?) is calculated to be 2.1 
x10 or larger for d-wave capture, using 
a nuclear radius of 1.5A'/*x10-3cm. If we 
assume f-wave capture, the corresponding 
figure is computed to be 110x10-?, which 
safely eliminates the assignment of /f- or 
higher wave capture to this resonance. The 
value 2.1x10-* for d-wave capture is consist- 
ent with the general trend of the dimension- 
less reduced proton widths in nuclei with 
22< A<35,'" but was found to be by about 
a factor of ten larger than the value calculated 
for the 3.07Mev mirror level in Si, using 
the (d, p) stripping reaction cross sections.?” 

On the other hand, the radiative width of 
the 3.12 Mev state expressed in units of single 
particle width is calculated as |M|?>6.2 x 10-, 
the lower limit being by a factor of four 
smaller than the mean value, |M|?ave.~25 
x 10-°, found for M1 transitions in nuclei in 
the region 22<A<35. But it is not sure 
which of J, or JI limits the resonance 
strength in the present case. 


§4. Discussion 


The results obtained in the present investi- 
gation well establish the mirror properties of 
the low levels in Si?® and P®®. /=3/2+- assign- 
ment to the 1.38 Mev level in P?? is in accord 
with that to the 1.28 Mev level in Si?°, which 
is considered to be mainly of a ds,2 single- 
particle nature. /=5/2+ character of the 
1.96 Mev level in P®® also agrees with that of 
the 2.03 Mev level in Si?°, as discussed already 
in the previous section, and the strong £2 
decay of this level to the ground state was 
observed in both nuclides. The 3.07 Mev level 
in Si2? has been assigned to be either /=3/2+ 
or 5/2+ from the /»=2 pattern of the Si*(, 
p)Si®® stripping reaction products, which is 
consistent with our /=5/2+ assignment to the 
corresponding 3.12 Mev level in P”*. 

The strong p-wave resonances in P® estab- 
lished at E»y=1.66 and 2.88 Mev® (£.=4.36 and 
5.54 Mev) seem to have a single-particle na- 
ture and to correspond to the 4.93 and 6.38 
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Mev levels in Si? which have been assigned 
to be single-particle ps2 and p1/2 states. Then, 
it should be noted that an /-wave resonance, 
corresponding to the 3.62 Mev level in Si’, 
which is known to be either /=5/2— or 7/2— 
from the Si?8d, p)Si?® reaction and is presum- 
ably a single-particle f7/2 state, still remains 
to be found at E,=700~900kev region.” 
The 3.5 Mev level found by the (d,~) meas- 
urements might be of this character. 

Bromely et al. have applied a strong coupl- 
ing collective model to the description of the 
low levels of Si®®, and assigned 0, 2.43 and 
2.03 Mev levels as a K=1/2 rotational band 
based on the 1/2+ ground state (2s:;2 Nilsson 
orbit) and the levels at 1.28 and 3.07 Mev as 
a K=3/2 band based on the 3/2+ 1.28 Mev 
level d3/2, K=3/2 orbit), assuming a nega- 
tive spheroidicity with 6=—0.15.”, Recently 
Pandya has calculated the energy levels of 
Si? assuming a weakly coupled system of the 
collective vibrational motion of the spherical 
core with the 2si/2 and lds/2 single-particle 
orbitals.?) Both models predict J/=5/2+ for 
the 3.07Mev level, as was experimentally 
confirmed for the corresponding 3.12 Mev level 
of P?® in the present investigation. Other spin 
values found in P** are also consistent with 
these pictures, and application of the collec- 
tive description to this mirror pair seems to 
be appropriate, although detailed structure of 
the model must further be checked and im- 
proved. In particular, it seems still doubtful 
in the present stage whether the Si? and 
P®® are really deformed or not. 

Strong E2 enhancement compared to M1 
observed in the decay of the 1.96 Mev level 
seems to indicate collective effects, and the 
weakness of the 3.12 Mev £2 direct ground 
state transition from the resonance state may 
be due to the different K-values of the states 
concerned. The relatively strong M1 com- 
ponent to £2 (m1/I'22=35.5 or 0.68) observed 
in the decay of the 1.38 Mev ds;z level indi- 
cates the existence of mixing of s-d orbitals 
in these levels, as was suggested to explain 
the magnetic moment of Si?® and the /t-value 
of P®* positron decay. The transition rate 
observed in this experiment would further 
serve to check the model if explicit numerical 
calculations are performed. 
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Note added in proof:—We were informed 
recently that Van Oostrum and Olness ef al. 
have also investigated the gamma-rays from 
the Si?*(p, +)P?* reaction in some detail. Their 
results are consistent with those presented 
here. [K. J. Van Oostrum: Thesis (Delft) 
(1959) unpublished. J. W. Olness and J. L. 
Parker: Bull. Amer. Phys. Soc. 5 (1960) 56.] 
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Using two multiplate cloud chambers and five density detectors consist- 
ing of 250 G.M.-counter hodoscopes, characters of the electronic com- 
ponent of extensive air showers were investigated for various distances 
from the axis in the range r<10m at 2770m altitude. The size N of 
the selected showers extended from 1x10> to 2x 108. 

The following results were obtained : 

(1) The integral size spectrum can be represented by a power law of the 
form N-’, where the value of ; varies from 1.5 to 2.0 as the size 
increases. 

(2) The lateral density distribution of the high-energy electronic com- 
ponent with the energy H>1 Bev fits well to that of the pure electronic 
shower with the age parameter s=1.4. 

(3) The ratio of the density of high-energy electrons and photons to that 
of all electrons is independent of the atmospheric depth. 

(4) The integral energy spectrum can be expressed by the H-” within 
the energy region 250 Mev <H<1 Bev, and the value of mn shifts from 
0.7 to 1.2 with increasing r. 

(5) The lateral distribution of the energy flux carried by the electronic 
component is expressed by the form 7~(1°57+0-24), 

(6) The showers having steeper lateral distribution of electrons than the 
average one near the axis contain more high-energy rays. 

(7) The averge zenith angle distribution is represented by the form 
cos$*?+1:49, however that of showers containing more high-energy rays by 


the form cos!0°0+2-09, 


§1. Introduction 


The experiments on the extensive air showers 
(EAS) at the mountain altitude have been 
carried out by many authors from various 
points of view. Owing to them, we have 
fairly precise knowledge on the lateral distri- 
bution of the electrons and the density distri- 
bution of EAS. Moreover, the mean characters 
of EAS were revealed by these authors for 
electronic component, penetrating component, 
and nuclear active component. The studies 
on the high-energy electrons and photons near 
the axis of EAS are reported by a few 
authors”.”).®), However, character of the indivi- 
dual shower from a viewpoint of high-energy 
electronic component is scarcely studied hi- 
therto. 

The comprehensive knowledge on the high- 
energy electronic component in EAS is of 
necessity not only to research into the de- 
velopment of the EAS, but also to study the 
mechanism of the nuclear interaction of ultra 


high-energy nucleons. 

Our experiments were intended to make 
researches on the high-energy electronic com- 
ponent near the axis in great detail as could 
be possible, study the character of the indivi- 
dual shower through it, and increase the re- 
ference materials on the structure of EAS at 
the mountain altitude. For this purpose, we 
especially gave attentions to the followings: 

i) The location of shower axis was deter- 
mined by the method of the maximum electron 
density, because the determination of axis by 
the core selector (for example, the type used 
by Cocconi etc.) was found to be inadequate 
on account of giving a considerable bias to 
some EAS. 

ii) Two cloud chambers were used to obtain 
informations as much as possible on the in- 
dividual shower. Moreover, they were separa- 
tely located and set up at right angle with 
each other, giving the accurate zenith angle 
of EAS. 
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§2. Apparatus 


The arrangement of the apparatus is shown 
in Fig. il, Di, D2, Ds, D,, and Ds; in the 
figure are the electron density detectors, each 
of which contains 20 large counters of 122 cm? 
sensitive area each, and 30 small counters of 
38cm?. The long axes of every counters 
were directed to south-north direction. All 
counters are connected to the 250 channel 
neon-hodoscope separately. The error of the 
electron density determined by these detectors 
are within 30% in the range from 50/m? to 
600/m2, and it increases outside the above 
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Fig. 1. Arrangement of apparatus. 


range. The density more than 1000/m? is not 
determined. A and B in the Fig. 1. are the 
similar rectangular cloud chambers. Each 
of them has effective area of 0.08m?2, and 
contains 9 lead plates of 1cm thickness which 
serve to estimate the energy of electrons and 
photons. The top of the chamber is made of 
2.7 g/cm? thickness of Dulalmin (0.11 r. 1.), and 
the dead space under the Dulalmin plate is 
filled up with 2.5 g/cm? thickness of paraffin 
(0.05 r. 1). Both chambers were placed apart 
by 3.5m at their centres, and at right angle 
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each other, as seen in the figure. The cloud 
chambers and neon-hodoscope are triggered 
by the master pulses, which are the coincidence 
pulses of discharges of one or more counters 
of the specified three large counters in each 
of the density detectors Dz, Ds, Ds, and Ds, 
and simultaneous discharge of the specified 
two large counters in Du, 7.e. 6-fold coincidence 
(Master Pulse I). Most of the measurements 
were performed by triggering the apparatus 
by this master pulse, but in some of the 
measurements, the above mentioned three 
counters in De, Ds, Di, and D; were increased 
to five, and simultaneously the number of the 
specified large counters in double coincidence 
in D, was increased to four, (Master Pulse II). 


The more stringent bias for large density of — 


D, is based on the intention that we are con- 
cerned in selecting EAS whose axis fall within 
the square area subtended by Dz, Ds, D:, and D;, 
and in its vicinity. Di and both cloud chambers 
were placed in wooden hut whose roof has 
1.5 g/cm? wood and 0.2 g/cm? copper, and D2, 
D;:, Ds, and Ds were placed in wooden boxes 
which were covered by 0.4 g/cm? wood. 

The experiment was carried out at Mt. 
Norikura, 2770 m elevation, 741 g/cm? average 
atmospheric pressure in the measuring period, 
in 1957. 


§3. Size Spectrum 


The location of the axis and the size of 
EAS were determined simultaneously by the 
electron densities at Di, Dz, Ds, D:, and D;*, 
using the AS computer of the I.N.S. type 
and assuming the vertical incidence of the 
electrons**. The following procedures were 
taken for analysing density data: 

i) The densities at every place are tried 
to fit to the lateral distribution curve of the 
density, derived from the N-K function” of 
s=1.25,» taking account of the errors of 
densities obtained by the density detectors. 

ii) If the densities at every place do not 
fit to the above mentioned curve, the most 
smoothly fit distribution curve is assumed, and 


* The number of particles in the top sections 
of A and B cloud chambers is also referred to the 
determination of the axis location. 

** For the EAS of zenith angle of 45°, the dif- 
ference of the location of the axis determined by 
this assumption is 0.8m in the extreme case, and 
usually is within 0.5m. 
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the total number of such EAS is determined 
by the density at the farthest place, assuming 
that the density at a great distance should 
obey the lateral distribution of s=1.25. 

| The error of determination of the location 
of shower axis is within 1m in the interior 
of the square of Dz, Ds, Di, and D;, in most 
of the showers, and outside the area the ac- 
curacy decreases gradually in different way, 
depending on the size of EAS and on the 
position of axis. The probability of generating 
'the master pulses was calculated numerically 
for 196 positions (centres of 1m? area) and 
for several size, assuming the vertical incidence 
of EAS and the lateral distribution of s=1.25. 
It is a very tedious work to obtain the ac- 
curate triggering probability when the effect of 
zenith angle distribution of EAS is considered, 
because the probability depends on the azimuth 
as much as the zenith angle owing to the 
parallel arrangement of counters. According 
to the calculated results on the EAS which is 
detected by MP (I) and whose axis falls 
within a square area subtended by De, Ds, Du, 
and D; and at 37° of zenith angle, the trig- 
gering probability increases by 6% and 7% 
for EAS which are incident from east-west 
direction with N=5x10®° and 2.5x10°, re- 
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Fig. 2. Integral size spectrum of EAS 
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spectively, compared with the vertical incident 
EAS of the same sizes, and decreases by the 
same amount for EAS from the north-south 
direction. Taking into account the above 
mentioned results, and the zenith angle dis- 
tribution of the form cos’#, our assumption 
of vertical incidence seems to give a negligible 
errors in the determination of the triggering 
probability. 

The size spectra of EAS were separately 
obtained in the following four cases; a) EAS 
detected by MP (I) or MP (ID, the axes of 
which fell inside a 10m square with D, at 
the centre, and b) EAS detected by the same 
master pulses in a those in a), the axes of 
which fell within the area of a 14m square 
substracted by a 10m square, each with Di 
at the centre. As no significant differences 
are found between them, each results. is 
summarized, and the size spectrum thus 
obtained is shown in Fig. 2. The ordinate in 
the figure is the absolute frequencies calculated 
assuming the zenith angle distribution of cos’# 
(§ 5). 

Representing the size spectrum by the power 
law of 

i iy 
F@N)=a(5) 
where JN is the total number of the charged 
particles, a@ and 7 take the following values, 
respectively, 


a=4.9x 10-*/m?. sec. sterad. } for N<4x 105 
7 =1.55+0.10 
a=8.2 x 10>°/m*. sec..sterad.| 


7 =2.04+0.20, 


where the errors are standard deviations. 
(Hereafter the errors are shown by standard 
deviations). 

Here it should be noted that the above 
mentioned size spectrum was obtained assum- 
ing that the lateral distribution of all EAS 
obeyed that of s=1.25. In actual the indivi- 
dual shower is divergent in the age, and it 
is not appropriate to represent the lateral 
distribution of all showers with an unique 
one, as seen in the distribution near the axis 
(§ 4e). However, as it is estimated that the 
proportion of showers having young age and 
old one to all showers is about 30%, and the 
ratio of the showers of young age to those 
of old age is nearly one, the drastic change 
may not occur in the size spectrum obtained 


for N>4~x 10° 
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by us, and so the above mentioned variation 
of values of 7 may occur in actual in the 
range observed.?) The similar variation of 7 
was observed on EAS near the sea level in 
the same range of size.®.” This fact seems 
to be connected with the variation of character 
of nuclear interaction in super high energy 
region, as pointed out by Russian authors,” 
or with the shortening of the absorption mean 
free path for nucleons of higher energy. 


§ 4, 

Characters of high-energy electronic com- 
ponent were investigated for various distances 
from the shower axis in the range of r<10m. 
The energy FE of electrons and photons was 
determined from the total number of the track 
segments of the cascade showers initiated in 
the lead plates in the cloud chambers. We 
estimated the shower energy to be 50 Mev 
per segment for lead plates of 1cm thickness 
according to the experimental results of 
Bender? and Hazen!” and took account of 
the effective thickness for oblique incidence. 
This value might be over-estimated if com- 
pared with that of Danilova et. al.» based 
on the calculation of Ivanenko. We selected 
the showers whose axes fell within a 12m 
square around D,, in order to keep errors of 
the distances from the axis to the chambers 
within about 1m. The sizes of the selected 
showers extend from 1 to 15x10 and the 
mean size was N=4~x 10°. 


(a) Lateral Density Distribution of High- 
energy Electronic Component 

The lateral density distributions of the 
high-energy electronic components with E>1 
Bev, E22 Bev and E>5 Bev were investigat- 
ed by inspecting 1100 photographs of the cloud 
chambers, making use of the determined sizes 
and distances from the axis. The high-energy 
cascade showers originating in the first or the 
second lead plate were accepted to find the 
density of high-energy particles. This limita- 
tion was taken in order to decrease the chance 
of confusing the cascade showers from the 
nucleonic showers originating in the lead 
plates, and avoid to overestimate the density 
of high-energy particles in oblique showers. 
Accordingly, this has such a tendency that 
the density of high-energy rays is apt to be 
underestimated in oblique showers, but the 
effect is small,” 
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To decide the distribution, at first, the data 
were divided into three groups according to the | 


shower size, 1x 10°<N<2.7 x 10° (N=1.8x 10°), 
2.8x 10<N<4.4x 10° (N=3.5x 10°) and 4.5x 


10°<N<1.5x 10° (V=7.5x 105). The distribu- — 
tions of the high-energy electronic component [| 


with E>1 Bev are given in Fig. 3 for each 
size, where the densities are normalized for 


EAS with N=4x10° (those that follow are — 


the same). We did not find for these distri- 


butions to have any difference within the . 


limits of experimental errors, and moreover 
the densities of high-energy rays were ap- 
proximately in proportion to each size for the 
same 7. 
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Fig. 3. Lateral density distribution of the electro- 
nic-component with the energy H>1 Bev in EAS 


for three shower sizes, The density is normalized 
to showers with N=4x 105. 


Accordingly, we treated all showers of 
different size altogether for the purpose of 
decreasing the statistical errors. The results 
obtained are presented in Fig. 4. For com- 
parison of the experimental results with the 
theoretical distributions of the pure electronic 
shower, the. integral lateral distributions of 
electrons with the age parameter s=1.0 and 
s=1.4 for each energy are shown in the 
figure, They were calculated from the struc- 
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ture function based on Approximation A, as. 
suming that primary energy is infinite in the 
result of Kamata and Nishimura.” In the 
figure, the experimental distributions are very 
close to the curves of s=1.4 in the range 
lm<rv<il0m. This means that those of 
s=1.4 are the closest in available ones (s=0.6, 
1.0, 1.4, and 2.0). The experimental values 
include, however, both electrons and photons, 
but theoretical distributions only electrons. 
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Fig. 4. Lateral density distribution of high-energy 
electronic-component in EAS with N=4%x105 
for three energy region. Theoretical curves are 
normalized for H>1 Bev at 3m. 


Therefore, if the lateral spread of photons 
is not very different from that of electrons, 
this fact shows that the lateral spread of the 
high-energy electronic component with the 
energy of E>1 Bev can be explained only by 
Coulomb scattering in the range ry >1m just as 
that of the low-energy electronic component. 
Namely, it seems that the main source of the 
energy supply of EAS is confined in the nar- 
row region r<l1m. 

(b) Ratio of the Density of High-energy 
Electrons and Photons to that of Electrons 
of all Energies 
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These ratios can be calculated by the results 
of (a) and the assumed lateral density distri- 
bution of all electrons, but we tried to get 
the ratios experimentally using about one- 
third of the data in (a). In estimating the 
density of all electrons from the number of 
electrons in the top section of the chamber, 
the transition effect in the top wall of the 
chamber and the roof of the hut must be 
taken into account. With the aim of doing 
this the lateral density distribution of electrons 
in the top section was investigated. The 
result shows that the distribution is the form 
y—(1/0040°05) in the range 1m<yv<l10m ‘and 
702 55£0°35) in yim.) The \form 7—! distribu- 
tion is close to that of s=1.25 in 1m<rv<10 m. 
As the energy spectrum does not suffer a 
radical change in the investigated range of + 
as shown by (c), the dependence of the transi- 
tion effect on 7 in our apparatus does not vary 
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Fig. 5. Ratio of the density of the electronic-com- 
ponent with H>1 Bev and H>>2 Bev to that of 
all electrons versus distance from the axis. 
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so much. But the absolute values of the 
density in the top sections is 26% more than 
that of s=1.25 at the distance r=l1m and 
18% at r=8m. Consequently the number of 
electrons in the sections was corrected by the 
above quantities. (These quantities of correc- 
tion may be possessed of the error of about 
—10% because the boundaries of the illumi- 
nated regions were not necessarily very clear). 
The ratios found for high-energy rays with 
E>1 Bev and E>2 Bev are given in Fig. 5. 
These absolute values are higher than that 
of Danilova et. al.) because of the difference 
of the energy estimate. 

Further, in an attempt to see the variation 
of the fraction of the high-energy component, 
4(e+7, ES>1 Bev)/A(e, E>0), with the atmos- 
pheric depth, we picked up the data which 
satisfied the following criterion among the 
preceding data, and investigated the variation 
with the projected zenith angle: the distance 
from the shower axis to the chamber is 3m, 
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Fig. 6. Variation of 4(H>1 Bev, e+7)/4 (E>0, e) 
with mean atmospheric depth. 
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5m and 7m or less for showers of the size 
1x 10°<CN<3.4x 105, 3.5 10°<CN<6.4 x 10° and 
6.5 x 10°<N<1.5x 108 respectively. Only 9% 
of the data picked up by this criterion was 
ruled out on account of the indetermination 
of their projected zenith angles. Therefore, 
the investigated variation is hardly biased, 
but the values of the ratio become a little 
higher because the data ruled out did not 
contain a high-energy ray (see § 5). The 
mean space angles corresponding to the res- 
pective intervals of the projected angle were 
calculated using the zenith angle distribution 
seen in § 5, and those were further reduced 
to the mean atmospheric depth. 

The results in the range r<3.4m and 
3.5m<r<7.5m are shown in Fig. 6, where 
the ratios hardly vary with the atmospheric 
depth. Hereupon, this comparison of the ratio 
is not done for EAS with the same primary 
energy, but for EAS with the same size under 
the different atmospheric depth. However, as 
stated at the beginning of (a), the density of 
high-energy rays was in proportion to the 
size for the same distance from the axis, 
namely, this ratio is independent on the size 
within the investigated region. Accordingly, 
this ratio does not vary with the atmospheric 
depth for EAS with the same primary energy, 
too. This result agrees with that of Danilova 
et. al.®) which was obtained by comparing the 
measurement at sea level with that at 3860 m. 

It seems that this fact shows a state of 
equilibrium between the electronic component 
and the high-energy nucleonic component. 


(c) Energy Spectrum 

The integral energy spectra of the electronic 
component with E>250 Mev were investigated 
in the three intervals, v<3.4 m, 3.5 m<r<6.4m 
and 6.5m<r<10m. In this analysis, we adopted 
only the showers, the project zenith angle of 
which is less than eight degrees in the vertical 
plane perpendicular to the front glass of the 
chamber. This treatment was done to elimi- 
nate cascade showers whose particles come 
out of the illuminated region on the half way 
in the chamber, and thus to avoid the accuracy 
of estimated energy of showers to be reduced. 
As little difference was recognized between 
those of two groups divided according to the 
size, we investigated all showers of different 
size altogether.. The results are given in 
Fig. 7, and in the range 250 Mev<E<1 Bev 


1960) Electronic Component of Extensive Air Showers 1571 


each spectrum can be represented by a power 1000 
law of the form E-" and the values of mw are 
given below, 


n=0.7540.08 for 7<3.4m 500 
1.03+0.09 for 3.5 m<r<6.4 m 
12240. 13 for 65 m<r<l0 m. 


In the energy range E>1 BeV, the values of «200 
nm become larger. | . 
3 
© 100}- 
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Fig. 8. Lateral distribution of the energy flux of 


electronic-component in EAS with N=4x105. 
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Fig. 7. Integral energy spectrum of electronic- 


component in EAS with N=4x10° for three 
distance intervals. 


(d) Lateral Distribution of the Energy Flux 
Using the results given in (c), it is possible 
to construct the lateral distribution of the 
energy flux carried by the electronic com- 
ponent. In doing so, the curves of the energy 
spectrum were extrapolated to the very high- 
energy region, and the flux in the low energy 
region were estimated, using the number of 
electrons of all energies and the number of 
photons obtained from the spectrum of Richard 
and Nordheim.) The errors based on these Oe: TRA WES taSME (OM 
assumptions were estimated in a reasonable DISTANCE FROM AXIS (m) 
way. The result found for the showers with Fig. 9. Lateral distribution of charged particles 
N=4x 10° is shown in Fig. 8. Generally, the near the shower axis. Density lies in the hatched 
form of the distribution for the size N in the region. 9 (a) F-distribution; 9(b) S-distribution. 
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investigated region can be written as follows 

Es=(1.382-0,48) Nig G- E98 Meve m7 
The value of this power index agrees with 
the result of Danilova et al.® 
(e) Lateral Density Distribution of All Elec- 

trons near the Axis 

In most of the showers, the lateral distribu- 
tion of charged particles is well fit to the one 
expected from the N-K function of s=1.25. 
However, there are some showers whose 
distribution of particles does not fit clearly 
to the expected one, and their distributions 
are divided into two groups as follows: 
a) The distribution in which the density 
near the axis (l~3m from the axis) is re- 
markably less than the expected one, as 
shown in Fig. 9(a). This type of distribution 
is designated as F-distribution, and that which 
is expected from the N-K function of s=1.25 
as N-distribution. 
(b) The distribution in which the density at 
y>3m is less than the expected one, and is 
well represented by exp (—ar), where a= 
0.25~0.4/m, as shown in Fig. 9(b). This type 
of distribution is named as S-distribution. 

The proportion of showers with each distri- 
bution is studied for EAS whose axis fall 
within 3m from the density detectors, and 
the results obtained are listed in Table I. 
This proportion is nearly independent on the 
shower size of less than 8%x10°, and for 
N>8x 10° the fraction of F-distribution de- 
crease, and that of S-distribution increases 
gradually, and seems to tend to S/N~1/3 at 
IN=2 10% 


Table I. 
: N Sg cmos S - 
TAt8%  — '16-43% «=: OL 29% 
Table II. 
iS oe tor eee 
AcS  65419% 343% 32412% 
61418% 394144 0 


NAcs 


As mentioned in § 5(a), the lateral distribu- 
tion of the high-energy electrons and photons 
(E>1 Bev) does not depend on the shower 
size, and so the mean number of them in 
each cloud chamber is known from the posi- 
tion of the axis and the size of showers. We 
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pick up the two kinds of EAS in which the © 
number of high-energy electrons and photons © 


falling on both cloud chambers is thrice as © 


many as the mean number, and less than one 
third of it. The former may be regarded as 
the active showers (AcS), and the latter the 
non-active showers (NAcS). The types of the 
lateral distribution of these showers are ex- 
amined, and the results are listed in Table II. 

As seen in Table II, the proportion of the 
showers with S-distribution and F-distribution 
is reversed in AcS and NAcS. 

From these results, the followings may be 
concluded qualitatively: 

i) Considerable parts of EAS, which con- 
tain more high-energy electronic component 
than the average, reveal S-distribution, and 
this shows that the showers of S-distribution 
are relatively young age. The reverse holds 
for the showers of F-distribution. 

ii) The result that for EAS of large size 
(N >8x10*) the showers of F-distribution 
decrease and those of S-distribution increase, 
means that there are few showers of large 
size which are of old age, and this result 
seems to give some suggestions on the de- 
velopment of EAS in the air. However, the 
narrow arrangement of our apparatus used 
and poor data of the showers of large size 
obtained, make it dangerous to go deep into 
more consideration. 

iii) In some period of the measurement, 
we used the core selector similar to the one 
used by Cocconi ef al,!” to trigger the whole 
apparatus. Almost all of EAS selected by 
this method are of N- and S-distribution. 
This shows the correctness of the above 
mentioned results, and also implies that the 
lateral distribution of EAS selected by the 
core selector has a tendency to reveal that 
of the showers of young age. 


§5. Zenith Angle Distribution 


The projected zenith angle distribution of 
EAS was measured, using the two cloud 
chambers which were set at right angles with 
each other. Generally, low-energy electrons 
being scattered to various directions, it is 
difficult to determine the angle of the showers 
containing no high-energy cascade shower and 
having small densities in the chambers. Ac- 
cordingly, if only the showers whose angles 
are easily determined were picked up for the 


1960) 


analysis, the obtained distribution would have 
some biases, characters of which are not 


‘| known well. 


At first, we investigated the zenith angle 
distribution averaged for all showers having 
various characters. If most of showers whose 
zenith angles are undecided are showers with 
specific characters, and their zenith angle 
distribution is different from the average one, 
the obtained distribution does not answer the 
purpose. Therefore, in order to reduce the 
above mentioned biases as much as _ possible 
and to increase the accuracy of the angle, the 
showers which satisfied together the following 
two criteria were accepted for analysis: 

(i) The distance from the shower axis to 
the chamber is 3m, 5m and 7m or less for 
the showers of the size 1x 10®<N<3.4x 105, 
3.5 10°<CN<6.4« 10° and 6.5x10°<N<1.5x 
10° respectively. (In these regions, on the 
average, about one or more rays with E>1 
Bev are expected to fall into the chamber 
from the result of § 4(a).) 

(ii) The picture of the chamber contains 
either at least one high-energy ray with H >1 
Bev and a few parallel tracks, or five or more 
parallel tracks, where tracks were regarded 
to be parallel if their projected angles did not 
differ by more than 8°. 

On the above criteria, the projected zenith 
angles of EAS were determined mainly by 
high-energy rays, and for 85% of the showers 
accepting the criterion (i), their projected 
zenith angles could be determined. The 
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Fig. 10. Projected zenith angle distribution of 
EAS The upper curve shows distribution 
averaged for all showers, and the lower curve 
shows that of young showers. 
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number of selected data was 393 and the 
mean size was N=4.5x 105. 

As every triggering counter was arranged 
in the north-south direction, inclined showers 
have the different triggering efficiency ac- 
cording to the azimuth angle. As the result 
of this effect, the projected zenith angle 
distribution of A chamber becomes flatter 
than the space-angle distribution and on the 
contrary that of B becomes steeper. This 
tendency was verified experimentally. In 
order to exclude it, the total data of A and 
those of B were averaged with equal weight, 
and moreover the variation of effective area 
in registering EAS was taken into account. 

The result is shown by the upper curve in 
Fig. 10, and the distribution is of the form 
of cos’:7+1!-4@ in the range 0-30°. This form 
should be agreed with that of the space-angle, 
and accordingly we get the absorption mean 
free path 4 of the intensity of EAS 

A= Nila 27 OTC: 
This value is in agreement with the result 
of Miura et al.) measured at Mt. Norikura, 
but they did not measure the size. Moreover, 
the value agrees with the result of Clark™ 
measured for EAS with the primary energy 
approximately equal to ours at sea level. The 
absorption m.f.p. of the number of particles 
A defined by A4=7yA can be determined to be 


AD) daea 2 orciies 


With,7==1.8220.15 gn. $.3. 

In addition, we investigated the zenith angie 
distribution of the EAS in which the number 
of high-energy electrons and photons with 
E>1 Bev falling in the chamber is more than 
twice as many as the mean number seen from 
§ 4(a). Of course, the above criterion (i) was 
not imposed on these EAS. The rate of high- 
energy rays is independent on the zenith angle, 
as seen from § 4(b). Hence, the data selected 
in such a manner contain mostly showers with 
specific character, but their zenith angle dis- 
tribution is not biased in favor of specific 
angles. The number of the selected data was 
238 and the mean size was N=5x10°. The 
zenith angle distribution obtained from them 
is given by the lower curve in Fig. 10, where 
the distribution well represented by the form 
cos!?.°+2.°9 in the range 0°—30°. From this, 
we get the following absorption m.f.p. 4* of 
intensity 
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This value is pretty smaller than the average 
meipa Ai 

This result can be interpreted as follows; 
the majority of the selected showers are young, 
namely, they develope mainly near the ap- 
paratus, and accordingly the obtained value 
A* seems to show the effective collision m.f.p. 
of the primary particles of EAS. 


§6. Conclusion 


From the experimental results of EAS 
measured at 2770m elevation (741g-cm~ 
atmospheric pressure), the following con- 
clusions were obtained: 

(1) The integral size spectrum can be re- 
presented by the following form 


FCN) =4.9 x 10 -2GN AO a eo ee § 
sec-!-sterad-'. 
for 1x10°<N<4~x 10° 


FSN) 82 x LOH? (IV /108 2204202202. 
sec-!-sterad-". 
4x 10°< N<2 x 10°. 


(2) The lateral spread of the high-energy 
electronic component can be explained only 
by Coulomb scattering in the range r>1m. 
Namely, the main source of the energy supply 
of EAS is confined in the narrow range r<lm. 

(3) Ina greater part of the EAS with the size 
1x10°<N<1x10°, the electronic component 
is in a state of equilibrium with the high- 
energy nucleonic component in the region of 
the atmospheric pressure 700~1000 g-cm-?. 

(4) Inthe range 1m<rv<l0m, the integral 
energy spectrum can be represented by the 
form E-* within the energy region 250 Mev< 
E<1 Bev, and the value of m shifts from 0.7 
to 1.2 as the distance from the axis 7 in- 
creases. In the energy region E>>1 Bev, the 
value ” becomes larger. 

(5) The lateral distribution of the energy 
flux carried by the electronic component can 
be expressed by the form r-“-57+°.24 in the 
range 1<r<10 m. 

(6) The lateral distribution of electrons 
near the axis is not expressed by an unique 
distribution. Generally, the showers having 
steeper distribution seem to contain more 


for 


Toyopa and T. MAEDA 


(Vol. 15, 


high-energy electronic component and to be 
young in age, and those of flatter distribution 
have the reverse character. The proportion 
of the showers with S-distribution increases 
with increasing size in the range N>8x 10°. 

(7) The absorption m.f.p. of the intensity 
of the EAS with the mean size N=5~x10* is 
11322 g-cm~’*, and the absorption m.f.p. of 
the number of the particles is 2032-42 g-cm7?. 
The effective collision m.f.p. of the primary 
particles is nearly 7615 g-cm~. 
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“Using an inverse power type repulsive potential two different expres- 
sions for the lattice frequency of ionic crystals are obtained, one in terms 
of the cohesive energy and the other in terms of the compressibility of 


the crystal.” 


In a recent communication” the authors 
have derived an expression for the lattice 
frequency, v, of ionic crystals in terms of 
the cohesive energy, Eo, using a simplified 
Born-Mayer potential of the type 
a 

r 


“= +Mbe-? "/r0) 


The relation is 


v=5-( Eo esr 1/2 
2z\reNM zp ; (o—1) 


where 7 is the closest equilibrium distance 
between two unlike ions, M is coordination 
number, y is the reduced mass of the ions, 
N is Avogadro’s number and o a potential 
parameter. The lattice frequency calculated 
from the above relation compares well with 
the experimental values of ymax, the infrared 
eigen frequency as determined by Barnes” 
for some of these crystals. 

The purpose of the present communication 
is to derive a similiar expression for the lattice 
frequency using a repulsive energy of the 
inverse power type. The following potential 
energy has been used: 


ae’*z? Mb 
pete Le +- Pet ast 
Yr jee 


= (la) 
symbols having their usual meanings. In the 
above expression for the potential energy the 
overlap potentials between other than nearest 
neighbours, van der Waal interactions and 
zero point energy have been neglected. 
Neglecting anharmonicity, the frequency, », 
is given by 
te oy 
gh f ID 
where the force constant, /, is the coefficient 
of dr, the change in inter nuclear distance, 
du 


, and yw the reduced 
ddr 


in the expression for 


mass. 


For a crystal of the NaCl type, equation 
(la) may be rewritten in terms of 4y as 


u=—etal] : A= ! ar : ] 
ro—Ar ro+A4r (702? + Ar?)!/? 
+o eit a ee | 
(ro— Ar)” (rot Ar)® (ro? + Ar?)”/2 

(1b) 
for convenience (47)? has been denoted as 
4r*. Differentiating « with respect to dr and 

collecting terms in 47, one obtains for f 

f=2n(n—1)bro- +» 

In equation (lb) we have confined ourselves 
only to the six nearest neighbours. The poor 
convergence of the first sum (coulomb part) 
demands the consideration of the next nearest 
and farther neighbours. But because of origin 
being a centre of symmetry, irrespective of 
the number of neighbours considered, the 
first sum will not have any term in 47. In 
other words electrostatic interactions between 
the various ions contribute nothing to f. The 
highly convergent nature of the second sum 
(repulsive part) in equation (1b) justifies the 
consideration of only the nearest neighbours. 

The cohesive energy, Eo, is given by 

Ev=— Nr, =n ee! :) 


Yo To” 


The constant 6 is determined from the con- 

dition i =0 giving 
dr Jr, 

maven 


aT 


Vo" —1 


Thus 
pee) conkers 


2nV MNur® 
The lattice frequency may also be expressed 
in terms of compressibility, x. The compres- 
sibility is given by 
2 
Lh ye U 


(2) 


x dV? 


1575 


1576 S. S. MitRA and S. K. Josut 
Table I. 
| 5 | 0? os al | ye  yem-! | ycm-! vem! 
eryeal | bs (K.Col/Mole),  (10-8cm) (10° #/barye) (Ean. 2) | (Eqn. 3) | (Exptl.) 
LiF Glam. 240.1 | 2.010 | L1% | 526 529 307 
LiCl 7.0 198.1 | 2.572 | 3.41 | 373 363 
LiBr 75 189.3 25745. eal 4.31 | 341 303 
Lil 8.5 181.1 3.000 6.01 320 277, 
NaF 7.0 213.4 2.310 Oia 326 326 246 
NaCl 8.0 182.8 2.814 4.26 182 227 164 
NaBr 8.5 173.3 2.981 5.08 191 182 134 
Nal 9.5 166.4 3.231 7.07 175 154 117 
KF 8.0 189.7 2.665 3.30 257 253 
KCl 9.0 164.4 3.140 5.63 178 175 141 
KBr > 5 age | 156.2 3.293 6.70 143 138 113 
KI baat 1 OeGc es 151.5 3.526 8.54 130 118 98 
RbF 8.5 181.6 2.815 4.10 177 211 
RbCl 9.5 160.5 3.270 6.65 150 141 118 
RbBr 10.0 153.3 3.427 7.94 139 103 88 
RbI 11.0 149.0 3.663 9.57 97 87 78 
CsF 9.5 173.7 3.004 4.25 208 207 


a See reference 4). 


where V and U are volume and energy per 
unit cell. In terms of crystal parameters one 
obtains 


a 18704 dl 
~ ae?z?(n—1) 
for the NaCl type lattice. 
Hence 


paseks 3670 


~ 2nV xMu 
which is very similiar to the expression ob- 
tained by Huggins*) using an exponential type 
repulsive energy. 
In Table I, v calculated from relations (2) 
and (3) are compared with the experimental 
values of Ymax due to Barnes. 


(3) 


b See reference 5). c reference 6). 
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The spectral transmission from 200 mp to 1,200 mp of silver and gold 


thin films was measured. 


It was found that for heated silver films a 


strong resonance type absorption appeared with the peak at 435 myp~ 
480 mp and then the absorption due to electrons in the conduction band 
disappeared. For heated gold films, the similar results were also ob- 
tained but the absorption strength was rather weak and the peak posi- 


tion shifted to 510 mp ~ 550 mp. 


By taking into account the two dimensional aggregations, some dis- 
cussions were made from the view point of the collective motion of 
conduction electrons within small metallic particles of which the film 


was composed. 


§1. 

It is known that very thin films have opti- 
cal properties different from those of the bulk 
metal. The optical constants as determined 
in connection with metallic films change re- 
markably with film thickness. While the re- 
fractive index n increases as the thicknes 
becomes smaller, the extinction coefficient k 
decreases promptly in many cases, thus the 
thinner metallic film having the more proper- 
ties of an insulator. On the other hand, thin 
films of many metals absorb light selectively, 
and the absorbing manner varies with thick- 
ness. For example, silver films viewed by 
transmitted light show light yellow at a 
thickness of about 10A and deep blue for 
thickness thicker than some value. 

A number of experimental and theoretical 
works on this subject has already been 
made. The phenomena are owing to the 
fact that thin metallic films are not homo- 
geneous slab of the metal, but are composed 
of small agregates of metallic atoms. Ap- 
plication of Maxwell-Garnett theory in which 
the film is regarded as a three dimensional 
suspenoid of spherical metallic particles pos- 
sessing the same optical constants as those 
of the bulk metal can explain many experi- 
mental features, but seems to be still unsatis- 
factory from a quantitative point of view.””° 
The theory modified by Schopper® in which 
the film was considered to be a two-dimen- 
sional set of rotational ellipsoids having the 
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same optical constants as the bluk metal, and 
the dipole interaction among ellipsoids was 
ignored showed the result which agreed with 
his experiment relating to the evaporated 
gold film. 

In the work to be reported here, the author 
investigated spectral transmission of thin 
metallic films, and found a resonance type 
absorption, which for the thinnest silver films 
had the maximum at about 435 my and com- 
pletely isolated from the absorption due to 
the electronic interband transition and also 
from the absorption due to the electrons in 
the conduction band. The letter will be re- 
fered to the conductive absorption hereafter. 
The absorption band was though to be the 
similar kind one to that observed by Hampe”’ 
in gold film at about 550my. In accordance 
with Hampe, the author ascribed it to the 
resonance oscillation of the electron gas in 
the metallic particles composing the film. 
Some calculations were made in order to 
test the propriety of the above explanation 
and to get some information about the film 
structure. 

§2. Experimental 

Films were prepared by the deposition of 
the evaporated metal from a heated molybe- 
num ribbon in an evacuated vessel in which 
the pressure was maintained below 2x10° 
mmHg. Evaporated metals were silver and 
gold. The substrate was either fused sillica 
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plate or collodion film. During evaporation 
the substrate was kept at a constant tempera- 
ture between room temperature and 160°C 
controlled by an electrical heater behind the 
substrate. The deposit was laid between the 
two aquadac coatings on substrate, which were 
served as the electrodes for the measurement 
of the electrical conductivity of film. The 
electrical current across the film with termi- 
nal voltage 45V~135V was recorded by an 
electromagnetic oscillograph through a high 
gain d.c. amplifier during and after deposi- 
tion of metal. Samples of various thicknes- 
ses were prepared and their spectral trans- 
mission was measured in the wavelength 
region from 200 my to 1,200 my using a Beck- 
man type spectrophotometer. The transmis- 
sion was determined in reference to that of 
a clear substrate. The error of transmission 
measurement was within about 0.5%. It was 
found that the anomalous absorption which is 
to be stated became sharper, if the film was 
heated for some time after its preparation. 
This heat treatment for silver was done suc- 
cessively to the deposition in the same eva- 
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cuated vessel, while for gold films it was 


done in a separate vacuum oven, as it requi- 


ed a higher temperature, 400~500°C. 
The determination of the film thickness is 
the most important factor to decide the opti- 


cal properties of film. The author determin-— 


ed three thicknesses in following ways: the 
first was estimated from the evaporation 


speed and the evaporation time, the second | 
from the transmission at 4=265my and the 


third from the activation analysis. 


The speed of evaporation was controlled by . 


the heating current, and was estimated pre- 
viously for several values of heating current 
in two ways: one from the weight change of 


the metal source and the other from the | 


thickness of the formed film determined by 
means of multiple beam interference. If the 
deposition was done on substrate at room 
temperature, and the evaporation occurred 
into solid angle 2z, the rates of deposition 
estimated in the above two ways fairly 
agreed. Hence we obtained a thickness dw’ 
of each sample from the relation: 


heigls (deposition weight per unit area per unit time) x (deposition time) 


(bulk density of the metal) 


assuming that the deposition occurred in con- 
stant rate throughout that time. Another 
thickness, sybolized by d2ss below, was obtain- 
ed from the optical transmission at 2=265 
my. The reason and procedure will be ex- 
plained in the next section. In order to check 
the above thicknesses and to estimate the 
actual mass thickness correctly, the activa- 
tion analysis for several samples was made 
using reactions Ag!%(n7)Ag!® and Ag?"(ny) 
-Ag**® in following procedure*: a sample 
activated in an atomic reactor for 30sec. was 
dissolved into 2c.c. of 8 Normal HNO; and 
its activity was measured by a y-ray scintil- 
lation counter. For reference the weighed 
silver and the relatively thick film deposited 
on substrate at room temperature were used. 
The results are shown in Table II and Fig. 5. 


§3. Experimental Results 
(A) Silver on Fused Silica 


* The author thanks Mr. F, Ichikawa, Japan 
Atomic Energy Research Institute, for his kind- 
ness to give many conveniences for this measure- 
ment. 


An example of a series of spectral trans- 
mission for silver films of gradually varying 
thickness is shown in Fig. l(a). The figure 
given to each curve is the sample number. 
The samples were made with the same con- 
dition but different evaporation times, the 
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Fig. l(a) Transmission curves of silver films de- 
posited on fused silica at room temperature 
with the deposition rate 7A/sec. 
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latter values being given on the horizonal 
time axis of Fig. l(b). Fig. l(b) shows the 
electrical conductivity record of a film for 
which the evaporation was continued longer 
than usual but under the same evaporation 
conditions as for the above samples. 

The conduction does not occurr for some 
period after opening the shutter of atomic 
beam, and when it occurred, increases near- 
ly exponentially. If the shutter was closed 
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in this stage, the conduction begins to de- 
crease at once, and falls to zero as a function 
of the substance of substrate, its tempera- 
ture, and the rate of deposition. These be- 
haviours indicated that silver atoms arriving 
at the surface of substrate moved easily to 
agglomerate into minute grains, thus remain- 
ing non-conductive in the early of evapora- 
tion. When the grains grew by continued 
evaporation, and bridges were formed among 


Conductivity (mho) 


-— time t 
Schutter Nol2 No.8 
opened {gec. . 


t 
No.9 


4 t 
No.I3_ No.11 


% 
Schutter 


closed No.7 


Fig. l(b) The electrical conductivity record for a silver film formed under the same conditions, 


them, the current begins to flow. As the ag- 
glomeration continues still after the stop of 
evaporation, the unstable bridges will be 
broken, and the film becomes again non-con- 
ductive. 

All the samples but No. 7 and No. 13 given 
in Fig. l(a) are those for which the evapora- 
tions were stopped within the period of non- 
conductive. 

The spectrophotometric curves of thinnest 
films Nos. 12, 8 show, in addition to the ab- 
sorption band at ultraviolet end, which is 
already known to be due to the electronic 
interband transition, the existence of an 
absorption band with a peak at 434~450 mz. 
We will call provisionally the latter an 
anomalous absorption band. There does not 
appear the usual conductive absorption for 
these films. Such thin films exhibit light 
yellow when viewed by transmitted light. As 
thickness is increased, and the anomalous 
absorption band becomes stronger, its peak is 
slightly displaced to longer wavelength and 
begins to broaden on the same side. In this 
stage, films viewed by transmitted light ex- 
hibit ruddy orange. For still thicker films 
the broadening on the longer wavelength 
side of anomalous absorption continues, and 
finally there remains only the transmission 
gap at 320myz. Such films display blue colour 


in the transmitted light. That the consider- 
able decreasing in transmission due to con- 
ductive absorption occurs for the film such 
as No. 7 for which the electrical conduction 
has decayed may be understood by consider- 
ing that for electrical conduction it needs 
long metal chains eventually joing the elect- 
rodes, while for the conductive absorption not 
so long chains is needed. 

For all cases of the various evaporation 
conditions, the above mentioned results are 
similar except minute details, but there is no 
constant relation between each stage and the 
mass thickness. Generally films formed on 
substrate at higher temperature have their 
electrical and optical properties belonging to 
the second and the third stage for the thicker 
mass thickness on lower temperature sub- 
strate. : 

It was found that the anomalous absorp- 
tion band of films of such thickness as No. 9 
and 11 or even No. 7 and No. 13 was chang- 
ed into that corresponding to the thinnest one 
with respect to the peak position and breadth, 
and the conductive absorption was disappear- 
ed, if the films were heated at a tempera- 
ture above 100°C for 30 min.~1h. successive- 
ly to their formation. Examples of transmis- 
sion curve of heated films are shown in Fig. 
2. The thickness are given here by dag. 
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The effect on the band-breadth was conspicu- 
ous, while the peak position still depended on 
the thickness as shown in Fig. 3. 

The ratio of transmission through the film 
and substrate, which was measured directly 
in the present experiment, is to be expressed 
with the good approximation by® 


il 
2 7ca, 


E ct Fen) | 


when 2z(n—zk)d/A<1. Here the film is con- 
sidered to be optically homogeneous slab hav- 
ing the optical thickness d and the optical 
constants n, k. 4 is the wavelength of light 
and ne the refractive index of the substrate. 


f= 


(1) 


1007 , 
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Fig. 2. Transmission curves of heated silver films 
of fused silica at about 160°C for one hour. 
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Fig. 3. The peak position of resonance type ab- 
sorption vs. thickness for heated silver and 
gold films. 
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The quantity 


2° 2d 
se oe OK 
# ne+l 2 en) 


represents the amount of energy dissipated 
in the film per unit time and per unit area, 
and was obtained from the experiment for 
heated films. This quantity in the region of 
the anomalous absorption band can be expres- 
ed very well by the following resonance type 
formula as a function of the light angular 
frequency : 


(2) 


Tox? 
(l=x?)? + 702x? 
where Xmax is the peak value of X, 7o is 
known from the half breadth 4w/wr, and x is 
w/wr, Or being the frequency of peak posi- 
tion. Example of experimental curve and the 
fitted resonance curve of the formula (3) is 
shown in Fig. 4. 


= ae (39 
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Fig. 4. The anomalous absorption curve of heat- 
ed silver films and the fitted resonance curve. 


In Table I are given the values of dw’, Ae, 
Xmax and yo obtained for heated films. As 
is seen in the table, the dependence of Xmax 
on dw’ is very irregular. This is the circums- 
tance that metallic atoms re-evaporate during 
the heat treatment very irregulary and so the 
dw’ does not correspond to the actual mass 
thickness. On the other hand, the Xmax of 
anomalous absorption band is nearly propor- 
tional to the X value at 2=265my. In the 
films not heated, the X value at 265 my is 
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Table I. Characteristic data of heated thin silver films on fused silica. 


Sample No. dy'(A) degs(A) d4(A) Ar(mp) Xmax Yo ; 
25 8.2 3.0 1.4 428 0.065 0.212 
23 10.7 4.9 2.25 450 0.080 0.240 
24 15.5 6.0 2.9 440 0.135 0.219 
36 74 6.3 | 3.0 440 0.110 0.198 
32 5.8 | 6.3 | Bw 430 0.122 0.190 
18 16.4 6.9 3.25 442 0.115 0.242 
1 7.0 7.0 3.5 435 0.100 0.246 
7 6~8 7.0 3.5 430 0.150 0.215 
35 | 7.4 7.0 3.5 430 0.137 0.204 
30 | 10.3 7.5 3.9 440 0.187 0.200 
28 | 13.9 9.3 4.8 440 0.215 0.232 
31 | 9.0 10.0 5.2 440 0.213 0.202 
33 13.1 10.0 oe 435 0.222 0.230 
14 15.4 10.5 5.6 440 0.275 0.238 
15 21.0 11.3 6.3 444 0.295 0.208 
oa 9.0 11.5 6.5 435 0.240 0.210 
20 22.6 12.0 7.0 435 0.250 0.230 
9 13.6 12.5 7.5 435 0.305 0.200 
13 9.8 12.5 7.5 435 0.225 0.240 
21 10.7 14.5 9.8 443 0.375 0.200 
22 40.4 15.5 11.0 443 0.430 0.207 
26 20.4 16.0 11.5 440 0.380 0.200 
12 33.6 18.0 13.8 446 0.485 0.230 
29 40.4 18.5 14.4 448 0.525 0.259 
5 21.0 19.5 15.5 453 0.525 0.220 
11 20.5 19.5 15.5 445 0.525 0.200 
34 271 21 17.4 460 0.660 0.195 
8 30.4 23 19.6 454 0.695 0.208 

Table II. Data of the activation analysis.? 
total weight** 
Sample No dwy'(A) deos(A) San... | «activity (min.)* 
W'(gr.) Woes(gr.) 
1 7.4 | 10.5 3.96x10-§ | 5.61x10-8 3.6 
2 14 11.8 7.35 Gane. 2 3.6 
3 16.8 16.5 8.76 8.65 1.65 
4 26.6 18.75 15.6 104 1.5 
5 12'3 8.5 7.45 5.6 | 3.6 
6 32.8 18.75 21.1 12 0.88 
7 41 41.6 25.6 25.9 0.47 
gr ss — 11160 = 0.00125 


W=(density of bulk silver) x(film area) x (thickness) 


The reference sample of weighed silver. 


+ The error of activation analysis is said to be about 10%. 


* The reduced time for 104 counts at 8 min. after neutron bombarding. 
The total weight of silver estimated from the relation: 
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almost proportional to d.’ and if we put 2nk 
=3.7 in the formula (2) the thickness des 
calculated from the observed X agrees well 
with dw’. Moreover the heat treatment has 
almost no effect on the shape of absorption 
band in ultraviolet region. Hence also for 
heated films, we calculated the thickness des 
in the same way from their X value at 265 
my, which seems to correspond to the actual 
mass thickness and is given in Table I as 
dx;s. The dependence Xmax of anomalous ab- 
sorption on dzss is shown in Fig. 5. As is 
seen in Fig. 5, Xmax is nearly proportional to 
dzes, but more exactly (d2es)'-37. xo does not 
change remarkably for all thickness and has 
the mean value 0.223. 
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Fig. 5. The dependence of the Xmax value of 
anomalous absorption on thickness for heated 
silver and gold film. 


The results of the activation analysis is 
shown in Table II. In this case, the activity 
again correlates more to dz; than to dw’. 
Thus the thickness dzs; corresponds better to 
the actual mass thickness, and the relation 
between the mass thickness d4 estimated from 
the activity and dss is shown in Fig. 6. For 
larger thickness than dx.;=40A, the thickness 
dxes agree with the thickness da. but for small 
thickness than dx;=40A, it gives larger than 
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da. Using this relation, the linearity in the 
dependence of Xmax on thickness is fairly 
improved da values estimated by using the 
curve shown in Fig. 6 for each sample are 
tabulated in Table I. 
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Fig. 6. The relation between thicknesses dy 
estimated by activation analysis and dz., estimat- 
ed from transmission at 2=265 mu. 
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Fig. 7. The absorption curve of a heated gold 
film on fused silica at about 500°C for one hour. 


(B) Silver on Collodion 

The electrical conductivity records showed 
that silver atoms on collodion surface moved 
rather slowly to agglomarate than those on 
fused silica. 

The transmission curve was similar to that 
for a film on fused silica, but the conductive 
absorption appeared for thinner film and the 
anomalous absorption band was displaced 
more rapidly and its breadth was somewhat 
larger than those for films on fused silica. 
The peak position of anomalous absorption 
band and the:Xmax value are shown in Fig. 3 
and Fig. 5 respectively. The average 7, 


NO ae, 
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value is 0.25. 


(C) Gold on Fused Silica 

The absorption of a thin evaporated gold 
film is shown in Fig. 7 by the curve (a). The 
film was formed on fused silica and heated 
at about 500°C for lh.. The anomalous ab- 
sorption as in the case of silver is perceived 
with a peak at about 550 my, but it is over- 
lapped now by the tail of the absorption due 
to the interband transition. The separation 
of them was made by using the result of Joos 
and Kropfer® relating to the temperature de- 
pendence of absorption edge of thick gold 
film. Assuming that the anomalous absorp- 
tion falls to zero already at 300 my, this por- 
tion of the curve (a) is extended to longer 
wavelengths according to nk curve obtained 
by Joos and Kropfer. The extended portion 
is shown in Fig. 7 by the broken curve (b). 
The anomalous absorption proper (curve (C)) 
is obtained by subtracting (b) from (a). The 
curve (C) is well represented by the formula 
(2) with 7yo=0.17. The thickness dso. was de- 
termined from the X values at 300 my in 
similar way as done in silver. The Xmax 
value of anomalous absorption is proportional 
to dsoo aS Shown in Fig. 4. 

The electrical conductivity record showed 
that the agglomeration of gold atoms occurred 
more slowly and its dependence on tempera- 
ture is slighter than in the case of silver. 
In parallel with this, it was more difficult to 
remove perfectly the conductive absorption 
and to narrow the anomalous absorption band 
by heating. 


§4. Discussion of Results 


The shape of absorption curve suggests 
that the anomalous absorption was induced 
by the resonance oscillation of the conduction 
electrons in the metallic particles of the film. 
The electron within a particle may oscillate 
collectively, if the dipole approximation can 
be used, and the oscillation frequency 
satisfies the condition 27/w<teon, where Toil 
is the mean collision time of electrons. We 
assume that the electron gas is bounded 
around the equilibrium position by a restor- 
ing force —«&, & being the displacement of 
the electron gas as a whole. Let the electron 
density in a metal be m and the volume of 
the particle V. The restoring force must be 
due to the depolarizing force of the particle 
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L-P/V, where p=—Viek is the dipole mo- 
ment resulting from the displacement and L 
the depolarizing factor. Hence we have 


k=LVny?e? 
and, dividing this by the total mass Vuom 
(4) 


otal ne * 
as the natural frequency. 

To obtain the actual resonance frequency 
®r, we must take into account of the dipole 
interaction among the particles composing the 
film. Assuming that N dipoles per unit area 
lie with average spacing ‘a’, and their mo- 
ments are all equal and in the same direction 
parallel to the plane, the interaction field R 
is given by (Appendix I) 


Roe (5) 
a 


The equation of motion of the electron gas 
in the film is 


ptrptorp 


BV nt pot Ry (6) 
m 


where ve’ is the electric vector of incident 
light. We obtain the resonance frequency or 
and the amplitude of oscillation po as follows: 
2 
Arno € json) (7) 
m \4x 2a 
Vive 1 
po= 3 
mM Or?—w +170 
where the notation d,=NV means the true 
mass thickness of the film. If we imagine a 
substance which is formed by piling up such 
films with interval tr, the optical constants n, 
k of it are given by 
‘ aa Anny e? Tox 
—ik)?=1+- 3 . 
Laat 9 x tT Mor? (1—x?)?+702x? 
Considering again the single film, we obtain 
the quantity as 
_ 2  @ndw 4rme? __ rox 
etl A) morro 1—x)P + 70x? 


OR" = 


Eo (8) 


(9) 


(10) 


+ From Eq. (4), one may see that the conduc- 
tion electrons, for example, in a spherical metallic 
particle resonate at the frequency woR=Wp/VY 3. It 
was suggested by Dr. H. Kanazawa, University of 
Tokyo, that the similar phenomenon could also be 
expected in the characteristic energy loss of fast 
electrons due to the electron plasma in such parti- 
cle, (private communication from Dr. H. Kanazawa.) 
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where x=o/or and yo=7/or. Eq. (9) becomes 
the formula used to represent the experimen- 
tal result, if we put 


2 2dw Anne? 


F 11 
nmetl Ae Mor 7o ay 


X max —s 


Assuming that the conduction electrons are 
perfectly free, we can calculate the value dw 
from experimental values Xmax, 4r, and 7o 
for each sample. 

The calculated d. values are 0.6~0.7 times 
d4. This result may be reasonable, but, for 
the more quantitative discussions, the assump- 
tions made in the above consideration are 
needed to examine. 

By Eq. (7) we can determine d../a from the 
experimental value ox, if -the depolarizing 
factor L is assumed. We assume that the 
particles are of the form of flat rotational el- 
lipsoid with the axis of symmetry perpendi- 
cular to the film and axial ratio m. L/4a as 
the function of m has the value 1/3 for m=1 
and decreases with increasing m. For obtain- 
ed experimental results several models for 
films structure are possible, that is, the pos- 
sible range of m value is given by d,/2a 
= L/42—mor?/4nnoe? > 0. The interparticle 
spacing ‘a’ relaties to the true mass _thick- 

dw 


ness dw as below: 
Le a 
az na") 


For m=1, 2, and 3, the above equation gives 
the value a~3dw, 6d» and oo, respectively. 

As for gold films, the circumstance is more 
complicated by the superposition of anomalous 
absorption on interband transition absorption 
band. This may be counted for one of the 
reasons for the smaller peak value of ano- 
malous absorption than that of silver film. 

The breadth of anomalous absorption band 
is of the same order as that of Hampe, but 
there is no appreciable dependence on thick- 
ness in contrast with his results. Before one 
states the damping mechanism, one will have 
to make clear the origin of the disagreement 
between experimental results. 

Many features of optical anomaly appearing 
in their metallic films can be qualitatively 
understood from present view point. For 
example, the displacement of peak position 
of anomalous absorption and the wide band 
breadth are owing to longer joining among 


D= (12) 
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particles and the fluctuation of joining order. 
In order to explain quantatively, the exact 
knowledge of actual film structure is needed 
(Appendix II). Since the effect of heating on 
the film structure is large as seen in silver 
case, the electronmicroscopic observation does 
not always give us the information of film 
structure exactly corresponding to the optical 
properties. 

The author wishes to thank Professor M. 
Kiuchi for his kind guidance and encourage- 
ment throughout the present work. 


Appendix I. Calculation of Dipole 
Interaction Field 


Suppose that N dipoles per unit area uni- 
formly distribute on the film plane with spac- 
ing ‘a’, and their moments are equal and 
parallel. The electrostatic energy between 
two parallel dipoles of equal moment is given 
by 


pP? 

er (1—3 cos? d)) (AI 1) 
where + is the distance between them and ¢ 
is the angle between r and p. Total energy 
is obtained from (AI 1) by summation over 
all dipoles, i.e. 


P 
[= *i— (1-3 cos? @) 
vi 


eo 2x 

=p| | = (A—3 cos" ))Nrdrdb (AI 2) 
a/2 J0 

where for r>a/2, isolated dipoles was re- 

placed by the continuous distribution. The 

dipole interacting force R can be calculated 


by following equation: 


(— Vive) R=— JIE) ; (AI 3) 

Thus we have 
R=2n'p ; (AI 4) 
Surface density N relates to interparticle 


spacing ‘a’ with N=/-1/a?, where f is the 
correction factor of the order of unity. Then 
the field in another form is given by 


(AI 5) 


It should be noted that in three dimensional 
case the Lorentz field was 47/3-1/a?-p and 
now 2z-1/a?-p,. which is 3/2 times as much as 
that in three dimensional case. 
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Here we consider the film composed of 
various type of particle form and size. We 
classify particles by the depolarizing factor 
L and volume V. The natural frequency of 
conduction electrons in the particle having L 
and V is given by 

on(L)= Le for all V (AIL 1) 
If such particles uniformly distribute on a 
plane with surface density Nz, and the 
average spacing dzy, the dipole interacting 
field R is approximately given by 


R=Sivern Niv Para 


ary 


(AII 2) 


The equation of motion of the electron gas 
in such film is 
pur sir rivbw + oo?(L) pry 
a Vnoe? 
m 


(Eve*” + R) (All 3) 


We take the average in following meaning: 


pea he an cAVeny Ve 
iy? Sage Qiv® az? 
bh ee ia (All 4) 
arv ary 


and ignore the dependence yzv on L, and V. 
Then the equation of motion is reduced to 


prtrpr+oo(L)px 


Vimoe* 2x 
= ho Eoe’®* + a1 : 
m ar 


pw) _ (AIL 5) 


It is difficult to obtain the concrete solution 
for an actual film, but one may say that the 
resonance frequency distributes around the 
mean value so that the wide breadth of 
anomalous absorption band occurs. 

Present view point is equal to that of 
Maxwell-Garnett theory. For simplicity we 
consider the optical properties of the three 
dimensional suspensoid of small spherical 
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particles possessing the optical constants & 


=(n—ik)?. The optical constants of the sus- 
pensoid €.=(n.—ike)? is given by 

Sie i 

Se ee vue 


where g is the full factor of suspensoid. If 
the optical properties of particles is well re- 
presented by Drude-Zener formula such as 
sodium the optical constants €=(n—7k)? is 


Op? 
C= Se. (AII 7) 
o*—170 
where @,?=4zme?/m, and 1/r is the mean 
collision time of conducting electrons in the 
bulk metal. Substituting Eq. (AII 7) into 


Eq. (AII 6), we have 


2 
On dq 


ce— (ne—ike)? =l]+ 
“a ool —q)—o’+i7ro 


(All 8) 


which is the same formula given by Hampe. 
Thus all the authors including the present 
author stand the same physical origin.. 
Sennett and Scott’s criterion of the apperance 
of a maximum in the absorption vs. thickness 
is satisfied in the wavelength region in which 
the conductive absorption lay the main role 
for the optical properties of metal. 
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The electrical properties such as the electronic and ionic conductivities, 
Hall coefficients, etc. of the alloys Ag, (Te, Se; Te, S; Se, S) are studied 
with use of the galvanic cell Ag|AglI|specimen|Pt, the excess Ag content 


being controlled by sending a current across the cell. 


The electrical 


properties of these alloy systems change continuously in the a phase 
as the mixing ratio # is varied, while they change discontinuously or 


rapidly at certain «’s in the # phase. 


The experimental results are 


compared with theory under simplifying assumptions such as the energy- 
independent relaxation time and the energy-momentum relation given by 


€= h2k?(1— Bk®)/2m*. 


$1. Introduction 


In previous works!” it was shown that the 
comparatively large mobility of Ag ions in 
AgVI’s, namely AgeS, Ag2Se and Ag:Te, 
makes the study of these substances easy. 
This is due to the fact that the galvanic cell 
Ag|AglI| specimen|Pt is available and hence 
the excess Ag amount and free electron 
density in the specimen can be easily controlled 
by sending a proper current across the cell, 
from Ag-saturated state to S, Se, or Te-satu- 
rated state, and moreover the e.m.f. of the 
cell E gives a useful information about the 
position of the Fermi level in the specimen. 
This cell is also available in the present 
systems since Ag ions are as mobile in them 
as in Ag2VI’s. Hence we can expect that 
the present alloy systems can be studied with 
similar easiness by the help of this cell. 

Before describing the electrical properties 
of the alloys, let us review the properties of 
their components, namely AgeTe, AgeSe and 
AgeS. Fig. 1 shows the electrical conduc- 
tivity o. vs temperature for these three sub- 
stances and corresponding E curves. The 
ionic conductivity oi: is 1~4.2-!cm~ in the a 
phase and much smaller in the ~ phase’. 
The transport number o:/o. is therefore very 
small (1% or less) except B-AgeS. See first 
the E graphs in Fig. 1. Since the value of 
E can be varied from zero (Ag-saturated state) 
to about 0.2 volt (VI-saturated in vacuum), it 
can be seen from these curves whether a 
given state is near to Ag- or VI-saturated 
state. More exactly, E is given by 


eE=(F°+Fe°)—(Cit€e) , (1) 
where €; and €, are the chemical potentials 
of Ag ion and electron in a sample respec- 
tively and €:° and €,° are those in the sample 
in Ag-saturated state. The a phase of these 
substances is known as ‘average crystal’ 
which possesses many available sites with 
similar occupation energies for each Ag ion!®. 


4 
oe 
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Fig. 1. o,(@-1cm7!) and corresponding EF vs tem- 
perature for three Ag,VI’s. In the center is 
shown the permissible range of 6 by hatching 
somewhat schematically. 


In such a case, €; is equal to €;° and then eE 
is equal to €.°—€.. In other words, E repre- 
sents the position of the Fermi level relative 
to that in the Ag-saturated state. The crystal 
structure of the 8 phase is different and hence 
€: will be in general different from €;°. As 
mentioned in the previous paper”), such a com- 
position-dependence of €; seems remarkable in 


1586 


1960) ~ 


B-Ag:Se, negligible in 8-Ag»S and appreciable 
at lower temperatures in 8-Ag,Te. Thus it 
may be said that the E curves in Fig. 1 re- 
present the position of the Fermi level rela- 
tive to the Ag-saturated state except for 
B-AgTe below 100°C and 8-Ag:Se. Now the 
figure shows that E changes suddenly at the 
phase transition. In particular such a change 
of E is so large for Ag.S that even Ag- 
Saturated sample is changed to S-supersa- 
| turated one at B—a transition, accompanying 
precipitation or evaporation of S. In other 
words there is a remarkable difference of Ag- 
solubility between a@ and 8 phases. 

We next consider the electrical conductivity 
curves in Fig. 1. The o values are compara- 
tively large except ®-Ag2S, while B-Ag.S 
| shows typical semiconducting behaviors. As 
for the mobility of conduction electron, see 

Fig. 4. From Figs. 1 and 4 we see that the 
change of o. at B—a phase transition has 
different causes for different AgeVI’s; for 

AgeTe it is due to the decrease of the electron 
density caused by the increase of the energy 
gap, for Ag:Se it is due to the decrease of 
the electron mobility, the electron density 
being conserved, and for AgeS it is mainly 
due to the increase of the electron density 
_caused by the escape of S. 

Finally we consider the deviation from the 
stoichiometric composition. As mentioned 
above, the Ag content can be varied in a cer- 


tain range. In other words the deviation lies 
in a certain permissible range. Hence Ag:VI 
should be, exactly speaking, written as 


Age+sVI though we have omitted 6 so far and 
shall also omit henceforth because of its 
smallness. Now at supply or removal of Ag 
across the cell the excess Ag density D is of 
course changed by the density of Ag supplied 
or removed, D being obviously related to 0 
by D=N.0dd/A (Nsa=Avogadro’s number, 
d=density, and A=molecular weight). The 
value of Dcan be thus determined relatively. 
The absolute value of D is estimated as fol- 
lows. The concentration of free electron ™ 
obtained from Hall coefficient is changed at 
supply of Ag nearly by the change of D, for 
a-AgSe and a-Ag2S, indicating the simple 
relation 1:=D. The analysis of experimental 
data for a-Ag:Te shows also that the con- 
centration of holes m2 becomes dominant in 
this case but the similar simple relation 
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Ni—n2=D (2 ) 
seems valid, the former relation m:=D being 
a special case of m:=m:.. Thus we have the 
absolute value of D. It may be noted that 
the validity of such a simple relation means 
that there is no neutral defect such as Ag 
ion vacancy with trapped hole. 

We can now construct the permissible 6 
range diagram as shown in the center of Fig. 
1. We see from this figure that a-AgeTe can 
contain a large amount of Ag ion vacancies 
while a-Ag»Se can contain a large amount of 
excess Ag ions. Corresponding to these facts, 
the hole conductivity dominates the electron 
conductivity at large negative 0 for a-Ag2Te 
while the former is negligible and the electron 
gas is highly degenerate for @-AgSe. In 
contrast, the 6-Ag:S can contain only a very 
small amount of excess Ag, resulting in its 
typical semiconducting behavior. 

We have so far reviewed the general fea- 
tures of three Ag:VI’s. They are similar to 
each other in some points, e.g. they have the 
large ionic conductivity and plasticity in the 
a phase, which will be due to the similar 
crystal structure. On the other hand they 
have of course their characteristic features, 
and in particular 8-Ag:S is remarkably differ- 
ent from other 8 phases. When two of Ag:VI’s 
are mixed, the similar natures will be con- 
served but the different points will be gradu- 
ally changed from one to the other as x is 


varied. In §2 such gradual changes will be 
surveyed. The more detailed data will be 
described in §3 and compared with the 
theory. 


§2. General Survey 
(a) Experimental arrangements 

The sample is prepared by melting two of 
Ag:VI’s of proper proportion in a sealed silica 
tube. The sample obtained is soft at the a 
phase and so it is pressed or rolled to a plate 
of proper thickness at the a phase tempera- 
ture. Then the specimen is cut from it to 
proper size. The 8 phase of S-rich sample 
(8s phase mentioned later) is as soft as the 
a phase and so the S-rich samples can be 
rolled to thin foil at room temperature. Other 
8 phases are rather brittle. 

The volume of a specimen is estimated 
from its weight under the assumption that the 
density (AzTe: 8.5, AgeSe: 8.0, AgeS: 7.3 
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g/cm*) is linearly changed with mixing ratio 
x. The method of measurement is the usual 
direct current method. To the specimen are 
attached Pt electrodes, Pt-headed potential 
probes, Ag|AgI probes, and copper constantan 
thermocouples on the electrodes (Fig. 10). 
They are set in a glass tube which is 
evacuated by a rotary pump. The potential 
differences between the probes are measured 
by means of a potentiometer through a rotary 
switch. When the temperature is lower than 
the phase transition point of AgI (~140°C), 
Agl+5%AgCl is more suitable than pure Agl 
for our purpose. 

When a direct current is sent through Pt 
electrodes, the ionic current flows together 
with the electronic current. The former de- 
cays out soon with the time constant t given 
by (L/z)*|d(eD)/dE\o;!, L being the length of 
the specimen?). The potential drop between 
two Pt-headed potential probes changes at 
such a decaying process. This change is obvi- 
ously of order of o:/o. and so negligibly small 
in our cases except 8-Ag2S and its neighboring 
compositions. On the other hand the potential 
drop between two AglI|Ag probes appears at 
the instant of switching-on and off of the 
current and decays as such a polarization 
builds up and decays out. The ionic con- 
ductivity o: can be obtained from the time 
constant t: of this decay. In order to get a 
proper value of t, the length of specimen 
should be properly chosen, e.g.3cm for @ 
phases and 1~0.3cm for PB phases. 


(b) Examples of a. and E vs temperature and 
a-B transition point 

The space does not permit to describe the 
o. and E curves for many mixing ratios, so 
that only two examples for each system are 
shown in Fig. 2, where we write three sys- 
tems Ag2TezSei-z, AgeSezSi-z and AgeTezSi-» 
as Te-Se, Se-S, and Te-S for simplicity. From 
such measurements we can construct the 
phase diagram as shown in Fig. 3, where the 
curves dividing the phases are double owing 
to the hysteresis effect, the upper one repre- 
senting the transition point at increasing tem- 
perature and the lower one at decreasing 
temperature. 

Let us now give some explanations about 
Fig. 2. Comparing it with Fig. 1, we see that 
(d) and (f) are Ag,S-like, (a) and (e) are 
Ag:Te-like but (b) and (c) are somewhat 


singular, that is, the phase transition takes 9 
place twice. This double transition will be- 
more apparent if one see Fig. 3, which shows § 
that for x=0.6~0.7 in Te-Se there appears | 
an intermediate phase between a and # phase | 
and for Se-S the 8 phase is divided into two 
different phases. The appearance of the | 
intermediate phase is also justified by the ap-. 
pearance of a step of the ionic conductivity | 
shown by the dotted line in (b). As for the 
a-8 transition temperature, it is not very 
much lowered for Te-Se and Se-S systems - 
but it is so lowered for Te-S system that the 
a phase is stable at 20°C for x=0.2~0.8. 


100 O 100 O 100 O 100 O 100 O 
Temperature (°C) 


Fig. 2. oe(@-!cm~‘) and corresponding E vs tem- 
perature for two examples of each system. 


(a) (b) in-Fig,2 (c) (d) (f) (e) 
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Fig. 3. Phase diagram of three systems. The 
examples shown in Fig. 2 correspond to the z- 
values shown on the upper axis. 


At measurements of those transition tem- 
peratures, some complex situation appears for 
Te-Se system. That is, for x=0.9~0.6 the 
a-8 transition is suppressed when Ag is too 
much removed at the a phase. As mentioned 
later, the a phase seems to change to another 
phase a’ if Ag is removed over a certain 


ee 
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amount. Once such a change occurs, a’ phase 
does not change to PB at the normal a—f 
transition temperature. For example, a’—>£ 
change is suppressed down to 40~30°C for 
x=0.9 as shown by the dotted line in (a). 
For x=0.8 or less, a’ is stable even at room 
temperature. When the temperature is raised 
up to above 300°C, a’ is changed back to 
the previous a phase. The similar phase 
change is also observed for Te-S system but 
the suppression of the transition is not so 
remarkable as Te-Se system. 


(c) Mobility of conduction electron 

Fig. 4 shows Ro. vs temperature. Actually 
Ro. depends on eL/kT or 6 (Fig. 8 (b)), especi- 
ally in the case of high degeneracy as Ag:Se 
and in the case of high hole density as Ag2Te. 


ed 
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Si ae 


Temperature (°C) 


Fig. 4. Ro-(cm?s~! v—1) vs temperature for three 
systems. The Ro, value for x<0.13 of Te-S is 
small and inaccurate and so is shown by the 
dotted line. For 7=0.9 of Te-S it is somewhat 
affected by a heat treatment right below the 
transition point (quenching of the lattice dis- 
turbance at a pre-stage of the transition ?). 


The values shown in Fig. 4 are almost their 
maximum values and may be taken as repre- 
senting the electron mobilities. In order to 
see the x-dependence of the mobility thus 
obtained, Fig. 4 is rewritten to Fig. 5. We 
see from this figure that there are two types 
of x-dependence in the 8 phase; that is, the 
sensitive one in the Te-side and S-side as 
expressed by exp bx and rather insensitive one 
in the Se-side. Thus the whole # phase is 
divided into three regions Bre, Bse and Bs, as 
shown in Fig. 5 and also in Fig. 3. This 
division is in fact justified by the X ray study 
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mentioned later. In contrast to the 8 phase, 
Ro. in the @ phase (dotted curve in Fig. 5) is 
varied rather smoothly with x, suggesting the 
structure of the a@ phase is similar to each 
other in the whole range. In addition, Fig. 5 
shows also Ea-Eg roughly which is the maxi- 
mum value of the change of E at the a-£ 
transition and so gives a measure of the dif- 
ference of the Ag-solubility between two 
phases. 


Fig. 5. The change of # 


Ro-(cm?s-!v-1) vs a. 
at a>, Ea—Ep, is also shown roughly in the 
linear scale on the right-hand ordinate axis. 


107 

Agte.8 6 4 .2 AgSe 8 6 4 
x 

Fig. 6. o(@-1cm~!) vs « for two systems. The 

graph is shortened by unit in logarithmic scale 
between the curves for a and for 8. 


(d) Jlonic conductivity 

Fig. 6 shows the x-dependence of the ionic 
conductivity o; for two systems where o is 
estimated by the ionic polarization method 
mentioned already in (a) of this paragraph. 
As seen from the figure, o; is not only D- 
independent but also nearly x-independent in 
the a phase, while it is D-dependent in’ the 
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Bse phase as shown by the broken lines and 
it is D-independent but sensitively «-dependent 
in the Bre and Bs phases. Thus the ionic 
conductivity also shows that the se phase 
should be distinguished from the Pre and Bs 
phases. As for the temperature-dependence, 
o; increases slightly in the a@ phase but it 
increases rapidly (The activation energy is of 
the order of 0.7ev.) in the 8 phase with 
increasing temperature. 


(e) X-ray study at room temperature 

In order to confirm the conclusion that the 
8 phase is divided into three regions, X-ray 
diffraction profiles are recorded for the plates 
of the present systems with use of X-ray 
diffractometer (‘ Geigerfiex’). The result is 
shown in Fig. 7, twice of Bragg angle being 
plotted against the mixing ratio. This shows 
clearly that X-ray profiles are different be- 
tween three 8 phases Bre, Bse and Bs, and 
discontinuous at their borders, justifying the 
conclusion mentioned above. 


2 Ae ae | 

Agzle AgeSe AgeS Agate 
Fig. 7. 209 (@: Bragg angle) vs at room tempera- 
ture. The intensity of each reflection is roughly 


shown by the magnitude of each circle. Cu 
target with Ni filter. 


The crystal structures of B-Ag:VI’s are of 
low symmetry; $-Ag2S is reported as mono- 
clinic (a@=9.47A, b=6.92A, c=8.28A, B=124°)®) 
and B-Ag2Te is as rhombic (16.27A, 26.684, 
7.554), while B-Ag,Se seems unknown (miss- 
ing in Landolt-Bornstein (1955)). On the other 
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hand, a-Ag:VI’s are reported as cubic!” and | 
so have a few reflections. In our case the a | 
phase is stable at room temperature for x | 
=0.2~0.8 in S-Te system, showing only two 
peaks in the angle range shown in Fig. 7. _ 
Further the background is dominant like 
amorphous substances for the a phase. The 
analysis of the crystal structures for our | 
systems is thus difficult and will be left to | 
the future. Finally we add a note on a’ phase. 
As mentioned in (b) of this paragraph, aw phase 
is changed to a’ in a certain x range of Te- | 
Se system and a’ is stable at room tempera- 
ture. The X-ray profiles of this a are re- 
corded, showing that they are quite different 
from the 8 phase, though not shown in Fig. 7. 


§3. Electrical Properties as Functions of 
eE/kT and Discussions 

In the preceding paragraph, we surveyed 
the general features of the present systems. 
In this paragraph we treat them a little more 
in detail. As mentioned in Introduction, E 
represents the relative position of the Fermi 
level if the chemical potential of Ag ion is 
D- or E-independent. Then the electrical pro- 
perties such as o, and Ro. (in logarithmic 
scale) plotted against eE/kT can be directly 
compared with the corresponding theoretical 
curves plotted against the reduced Fermi 
energy. We first consider the @ phase and 
then 6 phase briefly. 


(a) oc, Roe and d(eD)/dE vs eE/kT in the a 
phase 
Fig. 8 shows the plots vs eE/kT; (a) is of 
de, (b) is of Roe, and (c) is of d(eD)/dE ap- 
proximated by 4S/4E, where JAS is the amount 
of electricity sent across AgI divided by the 
volume of the specimen, and 4E is the change 
of E at that time. Also, the right-hand half 
is for Se-S system, and the left-hand half is 
for Te-Se and Te-S systems. Let us consider 
first d(eD)/dE, since it is not related to the 
scattering process. If we assume that Eq. (2) 
m1—Mm2=D is valid and further the energy- 
momentum relation is of the standard form 
€=h’k?/2m1, then we have 
2 
Heh 2 wel 
+N Fanta |, (3) 


where M, stands for 2(2xm:kTh-2)3/2, Ne for 
the similar quantity for hole with the effec- 
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tive mass mz, and F;(7) is the Fermi integral 
of order y with reduced Fermi energy 7, 7 
being related to 7: and energy gap Es by 
%i1+%2=—Ec/kT. As seen in Fig. 8 (c), the 
hole contribution given by the second term in 
Eq. (3) may be negligible for Se-S system in 
the whole range of x, while it predominates 
for Te-rich samples of Te-Se and -S systems. 
We consider therefore first Se-S system where 
we may assume #:=D always. Comparing 
Fig. 8 (c) with theoretical curve log (F_1/2/2) vs 
7 (Fig. 12), e.g. overlapping two graphs (one 
being written on a semitransparent paper), 
we find that any adjustment of the origin 
does not make them coinside with each other. 


B dled) /dE §,, 
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Fig. 8. (a) o-(@-1cm~—!), (b) Roe(cm?s~-1v~-1), and 
(c) d(eD)/dE(C cm-’ v-!) vs eE/kT in the a phase. 
The temperature is 170°C for Se-S except 180°C 
for ~=0 (Ag2S), 190°C for Te-Se (No. 1~4) and 
195°C for Te-S (No. 5~8). The effect of the 
small temperature difference between them is 
not so serious as to give a notifiable change to 
these curves. 


The discrepancy between them becomes larger 
as Se is richer or degeneracy is higher. It 
can be, however, removed by giving up the 
assumption of the standard form of conduc- 
tion band as follows. ; 

Let the energy of electron be given, as 
usually done®, by 


pata Be) | (4) 
2m 


or reducing € and k to non-dimensional, 


y =e(1 me : 
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where y stands for €/kT. Then F_1,2/2 in Eq. 
(3) should be replaced by G,’ defined in Ap- 
pendix (Fig. 12). We choose the value of a 
as 0.035 so as to get best fit with experiment, 
assuming the same value is valid even for 
small x, for which a-value can not be so 
definitely chosen as for large x. 

We next consider o, and Ro. which are 
related to the scattering process. Here we 
must assume some energy dependence of the 
relaxation time rt or mean free path / of free 
electrons. As discussed by several authors’.”, 
the energy dependence of r or 7 relies on the 
scattering mechanism; e.g. the accoustical or 
disorder scattering leads to /=constant, the 
optical scattering to t=constanti for slow elec- 
trons and to rock for fast electrons, and the 
impurity scatterings also to their characteristic 
energy dependences. Furthermore two or more 
scatterings are present in general, making the 
quantitative treatment for this problem very 
difficult unless we have full understanding to 
the substance under consideration. Unfor- 
tunately, our knowledge about the scattering 
mechanism for the present systems character- 
ized by the ‘ average, mixed, and ionic crystal 
with degenerate electron gas’ is as yet so 
poor that we only choose a simple energy 
dependence so as to get a good agreement 
with the experiment as possible. The result 
of trial shows that the energy-independence 
of t can account for the experimental data 
fairly well, as seen shortly. The more con- 
vincing treatment will be left to the time 
when we have the more detailed knowledge 
such as the Debye temperature, the most 
effective mode of lattice vibration, and the 
effect of average structure and alloying. 

Under such a simplification, the theoretical 
expressions for a. and Ro. are given by 


Bias (oe) 


Rn NS fact kD ; Roe =uGro , (6) 
VANES 


where Go and Gro are as defined in Appendix, 
and yw stands for er/m:. Wecan draw, there- 
fore, these theoretical curves (Fig. 12) on the 
experimental plots so as to get best fit. The 
curves for Se-S in Fig. 8 are such theoretical 
one, showing a good agreement with experi- 
ment. The result of such a comparison re- 
veals that the values of obtained from Ro. 
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are larger by a factor of about 20% than 
those obtained from o. with use of m-value 
determined from d(eD)/dE, or obtained from 
do./d(eD), showing the experimental systematic 
error of such a extent which may come from 
the roughness of measuring magnetic field, 
specimen size, etc. 

We consider next the Te-S and Te-Se 
systems. In these cases it is difficult to 
determine the reliable a-value for a_ large 
range of x, since the hole contribution in 
Fig. 8 (c) becomes predominant and further 
the available range of eE/kT is narrowed by 
the a-a’ change. Hence we assume the same 
a-value 0.035 for every case. We may expect 
that this value can account for, at least, the 
Se-side and nearly the S-side of the systems 
under consideration. At any rate, under this 
a-value, the experiment plots can be compared 
with the theoretical curves although not shown 
in the figure. For Te-rich case, further, the 
energy gap can be estimated from Fig. 8 (c) 
if we assume the value of Nez or mz. 


(b) x-dependence of the electrical properties 
By the analyses mentioned above we obtain 
the position of the Fermi level, the effective 
mass of free electron m:, and the mobility of 
electron yw, and further the energy gap for 
Te-rich case. Fig. 9 shows the result of 
analyses, where €.° is the Fermi energy in 
Ag-saturated state and pm./m gives the r- 
value (sec) by being multiplied by 5.7x 107%. 
The lower limit of €. is also shown roughly 
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Fig. 9. ¢.(ev), mi/m, and pwmi/m(cm2s~!y~1) in 
the a phase (170~200°C). The two curves in 
Se-S marked by @ are ¢,° and valence band 
position at 75°C (@;) refered later. The lowest 
graph shows the temperature-dependence of Ro, 
by the v-values for the a phase. 
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by the chain line. 
sible range of €- which corresponds to the 
permissible range of 6 mentioned in Intro- 
duction. Seeing the €.° curve, we notice that 
it varies smoothly but has two minima near 
x=0.6 in Te-Se and -S systems. The dotted 


lines representing €.° of the a phase continue — ) 
to the €.° of the a phase without such minima, } 


suggesting that, if the a and a’ are different 
phases or of different structures, the a@ is 


AgoTe-like structure while the a might be 


Ag:Se (or Ag2S)-like one rather than Ag2Te- 
like. The figure shows also the positions of 
the top of the valence band for Te-rich 
samples, which is estimated, as mentioned in 
(a), from the hole contribution (non-degenerate) 
in Fig. 8 (c) under the assumption of m:/m 
=1.6 (the mean value obtained for Ag:Te). 
For comparison, those obtained optically are 
shown by the circles marked by ‘From I.R.’ 
for Te-S, where they are obtained from the 
absorption edge at transmission of infrared 
ray at 20°C), 20°C being of course in the @ 
phase range in this case as known from the 
phase diagram Fig. 3. 

On the other hand, the middle graph of 
Fig. 9 shows that the electron mobility is 
minimum in Ag:S because of the largest effec- 
tive mass and smallest relaxation time, while 
it is maximum in AgeTe because of the op- 
posite extrema. Further, the lowest graph 
shows the r-value, where Ro, (electron mobi- 
lity) is assumed to be proportional to T~-* in 
the @ phase below 300°C. The r-value for 
Te-rich samples is fairly large while it is 
small for Se-S system and not shown. 


(c) An example of a-a’ transition 

In this section we consider the a-a’ transi- 
tion with an example of AgzTeo oSeo 1 shown 
in Fig. 10. It shows Ro, oe, d(eD)/dE, the 
reduced thermoelectric power 0=eQ/k and the 
reduced Nernst coefficient g=eQ/(kRo.). On 
the o. curve, o- decreases e.g. from the point 
A to B as Ag is removed. If Ag is supplied 
back without approaching B, the previous A 
is recovered. If Bor its neighboring point is 
attained, o. begins to decrease without further 
removal of Ag and reaches C after sufficient 
waiting. Then o- changes on the lower curve 
CD and never returns to upper curve at this 
temperature. We call this lower state a’ in 
contrast to the upper state a. 

The two curves corresponding to @ and a’ 


| 
1b 


Thus we have the permis- | 


1960) 


‘| are connected by the broken lines which show 
the same composition or D. Comparing two 
-| values connected, we notice that the decrease 
| of o. is about twice as large as the decrease 
| of Ro. at B-C, that means, the concentration 
of free electron : becomes about half, while 
m1 is almost conserved at A-D as expected 
from the validity of m:=D. This decrease of 
m: will be due to the increase of the energy 
_ gap as far as m1—m2.=D is assumed. In fact, 
the o- and @ curves in the figure show that 
the bottom of the conduction band shifts to 
the right by 1.5k7 on this figure while the 
d(eD)/dE curves show that the top of the 
_ valence band shifts to the left by about 0.7kT. 


02 


eee OE. 


kT 


Fig. 10. An example of the a—a’ transition. Rv. 
(cm? s-! y-!), o-(@-1cm—!), d(eD)/dE (Ccm-3 v—!) 
in logarithmic scale and gq, @ in linear scale 


are plotted against eH/kT at about 185°C for 
AgeTeo.9Seo.1. The schematic diagram to illust- 
rate sample-holding is also shown. 


Then the increase of the energy gap will be, 
summing them, about 2.2kT=~90myv. Thus 
we conclude that the a-a’ change is a kind 
of phase transition accompanying the change 
of the energy gap. It is also accompanied by 
the decrease of the electron mobility and of 
€2 or Ag-solubility. The experimental plots 
in Fig. 10 can not, to be regret, be satisfac- 
torily accounted for under the assumptions 
taken above and so their detailed analysis will 
be left to the future. We only note here that 
the q-value and the y-dependence of Ro. in 
the small 7 range (0~2, where the hole con- 
tribution is negligible) decrease at aa’, sug- 
gesting that this transition is also accompanied 
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by the decrease of a-value or the change of 
energy-dependence of r, or both. 


(d) o. and d(eD)/dE vs eE/kT for Bs 

As mentioned in Introduction, if the chemi- 
cal potential of Ag ion €; is composition- 
dependent, the comparison between theory 
and experiment as done in the preceding sec- 
tions becomes impossible unless E is properly 
corrected. The physical meaning of this cor- 
rection is in general not clear. In this res- 
pect, the § phase is more difficult to study 
than the a phase. This composition-depend- 
ence of €:, however, decreases as the tem- 
perature is raised, and becomes negligible at 
sufficiently high temperatures except the Pse 
phase, as expected from the composition- 
independence of o: in Bs and Bre in contrast 
to the composition-dependence of oi in Bse, as 
mentioned in §2 (d). Then the comparison is 
possible again. Asan example of such a case 
we shall describe the eE/kT plots for Se-S 
system in the Bs phase. 


Wadia al 
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Fig. 11. (a) o-(@-!cm—}), (b) d(eD)/dH (Ccm-8 v—!) 
vs eE/kT at 75°C for the Bs phase of Se-S. The 
corresponding plots for fse are very Ag»Se-like 
though not shown. 


Fig. 11 shows o- and d(eD)/dE at 75°C for 


this case. The values of Ro, are almost com- 
position- or eE/kT-independent though not 
shown. These curves show clearly that the 


non-degenerate feature of S-rich sample 
changes gradually to the degenerate features 
as seen in the a phase. In the non-degenerate 
case, de is of course proportional to exp 7% and 
d(eD)/dE is to be given by 


ae) = exp 7it Neexp%), (7) 


which is illustrated by the dotted line in (b) 
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in the figure, showing the similarity to the 
experimental curves (No. 5 and 6). When x 
is as small as 0.15, the gradual change at 
supply or removal of Ag becomes ramarkable 
as in AgeS, making the value of d(eD)/dE 
undefinite as shown by hatching (No. 7). 

When the degeneracy is not very high, the 
position of 7=0 can not determined from the 
curves of o. or d(eD)/dE. Therefore, it is 
determined from the @ (reduced thermoelectric 
power) vs eL/kT plots where the value of a 
is temporarily assumed as 0.03 which can ac- 
count for the y-dependence of d(eD)/dE for 
high degenerate case as x=0.74 (No. 1). The 
€.°-values thus determined are shown in Fig. 
9, repsesenting its considerable lowering in 
comparison with €.° in the a phase. To be 
regret, the position of 7=0 estimated from @ 
is somewhat displaced from that obtained by 
the oe-curve in the degenerate case, showing 
the experimental systematic error or invalidity 
of our assumptions or both. Overlooking such 
a discrepancy, the effective mass of electron 
is estimated as 0.1~0.14m. Next, the energy 
gaps are roughly estimated from Fig. 11 (b) 
assuming m2:=m, which are also shown in 
Fig. 9. On the other hand, the energy gap 
at 20°C is estimated, as the case of a Te-S, 
from the absorption edge at the infrared 
transmission in non- or slightly-degenerate 
samples, as 0.4ev (x=0.6), 0.45 (0.52), 0.56 
(0.40), and 0.65 (0.30). They have the same 
x-dependence with those shown in Fig. 9, 
although they are considerably larger than 
those. 

Finally, we shall give a short comment 
about the 8s-fse transition as seen in Fig. 2 
(c). The change of o in this case indicates 
that the energy gap decreases at Bs—8se. In 
the case of x«=0.6, both phases are stable at 
20°C; Bs is stable when the temperature is 
lowered down to 20°C while Bse is stable 
when it is raised up from below 0°C as known 
from the phase diagram. Making use of this 
fact, the infrared transmission at 20°C is 
compared between two phases for a specimen 
of x=0.6. The result is just as expected; as 
the cooling time is longer, the transmission 
decreases remarkably. This decrease is ob- 
viously due to the shift of the absorption edge 
and the increase of the free carrier absorp- 
tion. 


We have so far tried to show how the 
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electrical properties of Ag2VI’s are varied 
from one to the other by mixing two of them) 
As mentioned already the assumption of con1 
stant t has no convincing theoretical basis at’ 
the present stage. We can only say which 
energy dependence leads to better agreement! 
with experiment. At such a choice of thes 
energy dependence, the introduction of the 
a-value makes the definite choice very difficult. 
For example, the 7-dependence of Ro. and thes 
positive g-value observed in a-AgsSe can no 
be accounted for by constant + but fairly welll 
accounted for by constant /") as far as the a- 
value is assumed zero. If the assumption off} 
a=0 is abandoned, however, the situation 
becomes quite different, that is, constant t is 
better than constant / under proper a-value,, 
as seen already. For Ag2Te and Ag.S, the} 
ambiguity in such a choice is more profound,, 
since the a-value can not exactly determined! 
in these cases. Thus we see that we should: 
have more detailed informations for our sys- 
tems in order to proceed farther. 
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Appendix 


Every expression in the reference (3), treat- 
ing two-band semiconductor under the assump- | 
tions of a@=0 and J/=ly" (y=&/kT), keeps its | 
validity for the more general case where — 
y=y(k?) and t=tot(y), « being defined in Eq. 
(5), if 


1 3 
LG #55) nie Mm) Fote-u/ayeasaren 
p= 2.3%, Ti (ele (8) 


used there is replaced by its generalized ex- 
pression given by®.®.”) 
AG Ge MUS INN 
Kon=— \ x2-? | —-— ) y®—dy . 

p |. sarap halal (9) 
The yw defined there by el)(2m*kT)-'/2 is to 
be taken here as eto/m* and a, 8, y, 6, g and 
# are accordingly generalized as 


_ Koo Ku _ Kau 
Kio Kio i Kio i (10) 
pKa ene eldigilaet 
Kio : Kio a Kio j 


.It is easily seen that the expression (9) is 
) reduced to (8) if t=y"-“/2), and y=x?. As an- 
|, other special case, if t=1 and y=«?(1—ax?/2) 
1 as Eq. (5), Kon is reduced to Ly, expressed as 


i 1— 3/2 0 Ya ce? 5 
Lm=—| (aay a 205d; z=V 1—2ay . 


a 0 

| (11) 
) Then we have, for single carrier, 

de D) boxer i 
dE ==. RT i ’ 
q 
L —z7\I1/ 
| Gi=\ (Aye ay, (2) 
; a z Oy 
; tee Ny , Rox Lao Lu «La 
q 4 38V ia = us ‘ates ‘tie Lio Leo * 
; (13) 


’ Rewritting Zi: and Leo/Lio in Eq. (13) as Ge 
) and Gre, we have Eq. (6). 
me hese integrals Gn’, Gz, etc. can be evalu- 
. ated, the a-value being chosen properly, by 
expanding the integrands in terms of y and 
using the numerical table of F, (r: half 
integer)” for small 7-values (<5), while by 
using the high degeneracy approximation for 
large 7-values (>5)». Fig. 12 shows various 
' theoretical curves thus obtained together with 
| the special cases of (1) a=0, t=constant and 
(3) a=0 and /=constant. Further, it shows 
_ two examples of experimental g-value at 170°C, 
indicating the better applicability of curve (2) 


or (2’) in comparison to (1) or (3). 
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The optical absorption edge of WO; single crystal has been measured 
with polarized light over the temperature range from —100°C to 900°C. 
From 0°C to about 700°C, the absorption edge shifts linearly toward red 
with increasing temperature, the temperature coefficients being —9.0x10~ 
ev/deg for the case of light polarized in the direction parallel to the a- 
axis (a-polarized light) and —6.5 x 10-4 ev/deg for the case of light polarized 
in the direction parallel to the c-axis (c-polarized light), respectively. 

In the vicinity of —50°C, an anomalous shift of the absorption edge 
takes place. This is attributed to the phase transition. In the low tem- 
perature phase, the extinction position is different from that in the high 
temperature phase. In addition, when the temperature is raised through 
740°C, a sudden red shift takes place for the case of a-polarized light, 
the magnitude being about 0.35 ev, while no anomaly occurs for c- 


polarized light. 


Introduction 


§1. 


A report has previously been published on 
the optical absorption edge of WO: single 
crystals”. But it is limited to the case in 
which natural light falls on a platelike crystal 
having its c-axis perpendicular to the plate 
(c-crystal). According to the measurements 
of the optical indices of refraction”), the optical 
anisotropy of WO: is larger than that of other 
perovskite-type ferroelectrics. Furthermore, it 
has been observed that WO; shows pleochroism 
at room temperature®. Judging from these 
facts, it may be desired that the temperature 
dependence of the optical absorption will be 
measured by use of the polarized light cor- 
responding to the symmetry of the crystal. 

The color of WOs crystals becomes deeper 
when the temperature is raised as seen in 
many other polar crystals. When the ortho- 
rhombic-to-tetragonal transition takes place at 
740°C, the color shows an abrupt change from 
reddish yellow to dark red. According to the 
visual observation of a b-plane by S. Sawada 
et al., this sudden change occurs only in the 
case of observations with the light polarized 
in the direction parailel to the a-axis (a- 
polarized light). 

WO: has several transition points at about 
—50°C, (or —40°C and 17°C), 330°C, 740°C, 
and 910°C etc. The optical absorption edge 
has been measured with polarized light over 


the temperature range covering almost all of 
these transition points. Above 900°C, however, | 
no measurement has been done because of 
strong radiation from the background. Fur- 
thermore, when WO: is kept above 700°C for 
a long time, its surface becomes pitted and | 
dirty owing to sublimation. Therefore, the | 
measurements at temperatures above 700°C 

was possible only in the heating procedure. | 


§2. Experimental 


The greater part of the WO; single crystals | 
prepared with a sublimation method were c- 
crystals. From among them, several c-crystals 
about 50 thick were chosen and used as 
specimens. Some b-crystals about 100 » thick 
were also obtained by cleaving the larger c- 
crystals. These samples had not the so-called 
90° domains i.e. a-b or a-c domains. 

1) b-plane: When a- or c-polarized light 
was incident perpendicularly upon the b-plane 
of WOs, the light transmitted through the 
crystal was examined with the aid of a 
small quartz prism spectrograph. A tungsten 
lamp was used as a continuous light source 
and polarized light was obtained with Nicols. 
In Fig. 1, (a) is the continuous spectrum of 
the light source, while (6)- and (c)-series are 
the absorption spectra of a thin crystal at 
room temperature for a- and c-polarized light. 
Each series shows the dependence of the 


1596 


1960) 


spectrum on the exposure time. As seen in 
Fig. 1, if an exposure time is sufficiently long, 
the end of the continuum at the shorter wave- 
length side is hardly changed for any longer 
exposure. At any temperature, the wave- 
length of the terminal for such a long exposure 
is adopted as the absorption edge. This value 
may correspond to that at the steep part of the 
usual absorption curves. The temperature 
dependence of the absorption edge was meas- 
ured over the range from —100°C to 900°C. 
The result obtained is shown in Fig. 2. 

At any temperature, the wave-length of the 
absorption edge for a-polarized light is a 
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Fig. 1. Optical absorption in b-crystal 
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little longer than that for c-polarized light. 
However, the absorption edge shifts linearly 
toward red simlarly in both cases, as the 
temperature is raised from room temperature 
to about 700°C, and we can not observe any 
anomaly associated with the monoclinic-to- 
orthorhombic transition at 330°C. In this 
linear region, the temperature coefficients of 
the shifts are as follows: 


—9.0x10-tev/deg for a-polarized light, 
and 
—6.5x10-‘ ev/deg for c-polarized light. 


Around the transition point at —50°C, ano- 
malous shifts are observed for 
both polarized light cases. In each 

mi case, the shift occurs along a 

In : z 

| different path on heating and cool- 
ing. The most remarkable shift 
takes place at 740°C, the ortho- 
rhombic-to-tetragonal transition 
point. Namely, for a-polarized 
light, the absorption edge suddenly 
shifts far into the near infrared, 
the magnitude being about 0.35 ev, 
while, for c-polarized light, such 
a sudden shift does not take place. 

2) c-plane: By use of a- and 
b-polarized light, the same experi- 
ments as in the case of b-plane 
were carried out. The results are 
shown in Figs. 3 and 4. Roughly 
speaking, the temperature depend- 
ence of the absorption edge is in 
agreement with the result for b- 
plane with a-polarized light. How- 
ever, there seems to be some dif- 
ference between the two cases 
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with a- and b-polarized light. In the tem- 
perature range from room temperature to 
about 700°C, the absorption edge for a-polarized 
light always appears on the longer wave-length 
side than that for b-polarized light, though 
the difference is small (about 50 A~100 A), 
while they coincide with each other below 
—50°C as shown in Fig. 4. 
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Fig. 4. Optical absorption edge versus tempera- 
ture in c-plane 


§3. Discussions 


1) From 0°C to 700°C: Inthis tempera- 
ture range, the absorption edge shifts toward 
longer wave-lengths for any polarized light, 
as the temperature is elevated. The red 
shift of the absorption edge has been investi- 
gated theoretically®, and explained by the 
interactions between the lattice vibrations and 
the electrons in the crystal. These theories 
show that the shift is represented qualitatively 
by 

E=a—BpT (TSO), 

where £ is the energy of the absorption edge, 
a and P are the constants characteristic to 
the crystal, T is the absolute temperature of 
the crystal, and @ is the Debye temperature 
of the crystal. Since the symmetry of WOs 
is not cubic, and several physical constants 
(e.g. Debye temperature etc.) are unknown, 
the experimental results can not be compared 
with the theory directly. At any rate, the 
experimental curve is satisfied with the above 
expression, qualitatively. The values of a@ 
and # estimated in this temperature region 
are as follows: 


a=3.liev, B=9.0x10-! ev/deg, 
for a-polarized light, 
and 
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a=3.1,;ev, B=6.5x10- ev/deg, 
for c-polarized light. 


These temperature coefficients are close to 
the values which have been well known in 
normal ionic crystals?) and BaTiO;®. Thus, 
these linear shifts may be due to the interac- | 
tions between the lattice vibrations and the | 
electrons in the crystals. 

2) Below 0°C: According to the measure- 
ments with BaTiOs single crystals®, at the 
orthorhombic-to-rhombohedral transition point | 
the transparency decreases very much, and 
the absorption edge shifts suddenly toward 
red in appearance, because of multidomains 
in the low temperature phase (rhombohedral 
phase). When WO: is cooled, the multidomain 
structure as shown in Fig. 5 appears at about 


€ 


* 


Fig. 5. The domain structure of WO; below 
—50°C 


—50°C, at the same time as the transition to 
the low temperature phase happens. There- 
fore, the anomalous shifts about this transition 
point might be apparent as in the case of 
BaTiO;. If so, the shifts should take place 
toward longer wave-lengths in contradiction 
to the experimental curves. Therefore the 
shifts of the absorption edge accompanied 
with this transition can not be attributed to 
the multidomain effect. In fact, by the mi- 
croscopic inspection, the color of WOs, light 
green just above this transition point, becomes 
pale, as soon as the multidomains have 
appeared. 

The extinction position of a c-plane changes 
abruptly with this transition. In the low 
temperature phase it makes an angle of about 
45° with the monoclinic b-axis, while it is 
parallel or perpendicular to the b-axis in the 
high temperature phase. Then the direction 


| 


| temperature phase. 
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of a- or b-polarized light is no longer parallel to 
anyone of the optic elasticity axes in the low 
This may be the reason 
why any distinction of the absorption edge 


| between a- and b-polarized light cases is not 


observed in the low temperature phase as 


| shown in Fig. 4. On the other hand, such an 


abrupt change in regard to the extinction 


| position of a b-plane does not occur, and the 


discrepancy of the absortion edge between 
the a- and c-polarized light cases is also seen 
in the low temperature phase. 

According to T. Muto e¢ al.®, the shift of 
the absorption edge due to the interactions 
between the lattice vibrations and the elec- 


_trons at low temperatures is expressed by 


E=a’—B§B’ exp(@/T) (T<@). 
This means simply a deviation from the linear 
dependence on temperature. The experimen- 
ta! curves, however, are not so simple, but 


exhibit obviously the temperature hysteresis 


loops. 


Thus, it is difficult to believe that the 
anomalous shift is a deviation from the linear 
dependence as mentioned above*. Then, it 
is natural to suppose that the shift should be 
attributed to the phase transition. Such an 
anomalous shift related to the phase transition 
has not yet been observed in the case of 
BaTiOs. 

3) From 700°C to 900°C: Accordingly 
to S. Sawada et al.”, a polydomain structure 
appears in the tetragonal phase above 740°C, 
and then vanishes at about 810°C. Therefore, 


in the range from 740°C to 810°C, the incident 


ray of light may be refracted or reflected at 
plenty of domain walls. As a result, there 
is some possibility that the absorption edge 
may suddenly shift in appearance at 740°C 
just as in the case of the low temperature 
phase of BaTiOs. However, such an apparent 
absorption should disappears above 810°C. 
Moreover, any abrupt shift is not observed 
for c-polarized light. From these facts, the 
sudden shift observed in the case of a-polarized 
light can not be considered to be a mere ap- 
parent phenomenon. 


* According to S. Sawada!) the value of specific 
heat begins to decrease gradually at about 0°C, 
when the temperature is lowered. Then assuming 
@=300°K, and using the temperature coefficients of 
the linear red shift, the calculated curve on the 
low temperature side is a dotted line in Fig. 2 for 
the case of a-polarized light. 
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Then, some other mechanisms should be 
taken into consideration to explain this anoma- 
ly. There are two mechanisms at least that 
must not be neglected. The first is based on 
migrations of some oxygen atoms. When 
WOs single crystals are kept in vacuum above 
740°C for a long time, they are likely. to be 
reduced and the surfaces assume metallic 
luster. Magnéli and Hagediis et al. have 
shown that there are several kinds of reduced 
forms of tungsten oxides. Judging from this 
situation, it may be supposed that some oxygen 
atoms in the interior of WO: are apt to move 
from their normal sites at high temperatures. 
Therefore, if one assumes that the concentra- 
tion of oxygen vacancies increases when the 
phase changes from orthorhombic to tetragonal, 
the optical absorption due to such a lattice 
imperfection is expected to be much more 
intense in the tetragonal phase than in the 
orthorhombic phase”. This optical absorption 
band might appear on a little longer wave- 
length side than the intrinsic absorption band 
edge. Accordingly, the superposition of the 
intrinsic absorption with the absorption band 
due to such a lattice imperfection in the 
tetragonal phase may give rise to the optical 
anomaly at 740°C. Such being the case, the 
anisotropic character of the absorption edge, 
that is, the fact that the sudden shift takes 
place only for the case of a- or b-polarized 
light may be attributed to the anisotropic 
character of a lattice imperfection**. 


** Jf oxygen ions lining up in the direction of 
the a-, b-, and c-axes are called Og, Oo, and O, 
respectively, as discussed in the previous paper”), 
it may be expected that the O, is especially mo- 
vable in the tetragonal phase. Then, suppose that 
any one of O,-site becomes vacant, and two electrons 
will be trapped around the vacancy to keep the 
electrical neutrality. Since two W ions always 
close to the vacancy, the trapped electrons may 
roughly be considered to move around the two W 
ions. Such a model resembles a hydrogenlike 
molecule. When the electron in such a hydrogen- 
like molecule makes the optical transition from its 
ground state to the first excited state, the dominant 
component of the transition matrix element of the 
dipole moment will be that along the direction join- 
ing the two nuclei. Since this direction coincides 
with the a-axis in the present case, such optical 
absorption can be observed for a-polarized light 
case, but not for c-polarized light in the dipole 
transition approximation. 
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The second is based on energy band con- spectrograph used prevented the author from, 


siderations. The energy band scheme would 
depend on the nature of the crystalline field 
and vary with the symmetry of the crystal. 
Then, the energy band structure of WOs can 
be expected to change with the phase transi- 
tion. As many authors!” pointed out in 
wurtzite structure materials, the optical transi- 
tion between the valence and conduction bands 
follows the proper selection rule for the crystal 
structure, which depends on polarization of 
the incident light in the anisotropic crystal. 
In tetragonal BaTiOs, R.C. Casella et al.\” 
have observed the dichroic effect at the ab- 
sorption edge, which disappears in the cubic 
phase. They also treated this phenomenon in 
terms of band-band transitions. Therefore, 
energy band considerations would lead one to 
expect the anisotropy of the optical absorption 
edge (pleochroism) and also the sudden shift 
of the absorption edge associated with the 
phase transition in WO; without assuming any 
lattice defect***. From this point of view, the 
intrinsic absorption edge itself would be ex- 
pected to show a shift, owing to the change 
of the band structure, when the phase changes 
from orthorhombic to tetragonal. 

At the present stage, however, it may be 
too early to decide which one of the two 
mechanisms mentioned above is more impor- 
tant, because the lew resolving power of the 


*** Going along this line, the pleochroism of WO; 
may be attributed to the splitting of the electronic 
state, of which the energy band is composed, due 
to the crystalline field. If the wave-lengths of the 
absorption edge for a-, b-, and c-polarized light are 
called 4g, Ay, and A, respectively, from the experi- 
mental result it follows: 

Aa—4v~100 A (0.05 ev), Aa—Ae= 700A (0.3 ev) in 
the orthorhombic phase, ag=Ay, Ag—’c = 1800 A (0.6 
ev) in the tetragonal phase. This value is con- 
siderably larger than that roughly estimated from 
the dichroic data in tetragonal BaTiO3!2) (0.02~0.03 
ev) in the region where the dichroic peak is located. 


getting information about any detailed struc-| 


ture of the absorption edge. 
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Association of Vacancies with Calcium Impurities in 


Potassium Chloride Crystals 
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Measurements are made on the dc conductivity and dielectric loss in 
quenched KCI crystals doped with small amount of CaCly. The evidence 
for formation of higher complexes is obtained from the decay of the 


conductivity during annealing after quenching. 


It is also found that there 


exists a relation between the number of free vacancies, my, and that of 
impurity-vacancy associated pairs, n», during the decay at a fixed tem- 


perature, 


Ny= K' np1,%. 
The number of the free vacancies is found to decay exponentially with 
time. The activation energy for the decay is estimated to be 0.63+0.1eV. 


Introduction 


§1. 
One of the conventional methods of investi- 
gation of atomic defects in ionic crystals is 
to add small amount of divalent impurities to 
the host crystals”. Results obtained are 
usually analysed on the assumptions that these 
impurity ions are dissolved substitutionally in 
the lattice and there exist free vacancies and 
impurity-vacancy associated pairs in it besides 
isolated impurity ions. On the other hand, 
Haven suggested the existence of higher com- 
plexes, that is, impurity-vacancy clusters’. 
He measured dielectric loss in NaCl containing 
CaCl: at 110°C and estimated the concentration 
of the free vacancies from the low frequency 
conductivity and that of the pairs from the 
height of the loss peak. A sum of these two 
concentrations was found to be smaller than 
the concentration of the added impurity. It 
seems, however, to remain some ambiguity 
in his analysis, because we have neither 
reliable knowledge about the mobility of the 
free vacancies at these low temperatures nor 
about the dipole moment of the pairs”. 

The purpose of the present paper is to 
investigate the state of the impurities in KCl 
and provide a new evidence for formation of 
the aggregates of calcium impurities in the 
crystal. 


§2. Theory 

In ionic crystals the addition of divalent 
cation impurities leads to the formation of 
cation vacancies. These vacancies tend to 
associate with isolated impurity ions owing 


interaction between these 
opposite charges. The degree of association 
decreases with increasing temperature. Then, 
in a quenched crystal an excess concentration 
of free vacancies and isolated impurity ions 
is retained and they migrate to form impurity- 
vacancy associated pairs and higher complexes, 
when the crystal is held at a fixed temperature 
after quenching. 

Under the condition that crystals are quench- 
ed from a temperature, in which positive ion 
vacancies introduced with divalent impurities 
are predominant, a sum of the number of the 
free vacancies, m.(t), and that of the pairs, 
n,»(t), should remain constant during annealing 
after quenching unless precipitates or higher 
complexes are created. Then, 

nr(th+npAD=N. (1) 
Eq. (1) gives a straight line as shown in curve 
a of Fig. 1, when plotted in a m, versus %p 
curve. 

In the case in which the formation of higher 
complexes occurs during the annealing process, 
a sum of the numbers of the vacancies and 
the pairs decreases with time and a trajectory 
becomes curvilinear. (Fig. 1 curve 0 or c) 
Curve c can be expected if a rate of formation 
of higher complexes is slower than that of 
formation of simple associated pairs. 

So long as quenching strain has no influence 
on the mobility of free vacancies, their num- 
ber is proportional to de conductivity or ac 
conductivity at low frequencies. The existence 
of associated pairs gives rise to dielectric loss 
in a crystal and its peak height is proportional 


to the Coulomb 
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to their number. Therefore, if observed dc 
conductivity is plotted against tan 6 due to 
the pairs, a valuable information about the 
higher complexes or precipitates may be ob- 
tained from the shape of the obtained curve. 


ny 


Np 
Fig. 1. Trajectory of the numbers of defects 
after quenching. 


§3. Experimental Procedure 


KCI crystals used as source material were 
purified beforehand by normal freezing of 
powder of Wako reagent grade purity. These 
pure crystals show neither dielectric loss of 
Debye type due to associated pairs, nor change 
in their conductivity after quenching. 

Specimen crystals were grown from the 
melt of the above source material, into which 
1x10-?~5x10-2 mole per cent of CaCl: had 
been added, by the normal freezing method 
using a platinum boat in the atmosphere of 
purified nitrogen. The end of crystals solidi- 
fied in a boat was turbid and milky looking, 
when cooled slowly to room temperature. 
Only transparent portions were used in the 
measurements. 

The concentration of Catt impurities was 
estimated from the dc conductivity at 372°C 
by making reference to the data given by 
Kelting and Witt” for KCl-CaCl. system. 
Those for pure crystals were also estimated 
to be about 210-4 mole per cent. 

The crystals were cleaved into pieces about 
4x5x2mm for quenching experiments. After 
heating these crystals at about 530°C, which 
is still in the impurity range, in a vacuum 
vessel for several hours, quenching was done 
by removing the vessel from a furnace and 
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making air flow into it. Most of the quenched | 
crystals were cleaved into three pieces as\f 
shown in Fig. 2, and the hatched section was | 
used for measurements in order to avoid an | 
effect of inhomogeneity. Some crystals were 


measured after all surface layers of about 


0.8mm _ thickness were removed by cleavage | 
in order to investigate an effect of surface | 
These gave the same results | 


contamination. 
as those crystals shown in Fig. 2. 


Fig. 2. Cleavage of a quenched crystal. The 
hatched section was used for measuremets of 
conductivity. 


The ac conductivity was measured with the 
ac bridge.*®} Measurements of the dc con- 
ductivity were made with the syv-A_ meter 
which has a time constant of 1 second. 
Electrodes were applied with silver paints. 


Colloidal graphite was also used for the { 


measurements of the dc conductivity up to 
high temperatures. 

The decay of the conductivity was measur- 
ed at various selected temperatures after 
keeping quenched crystals for about 20 hours 


(oh 


(Qeemy" 
oF 


9 


dc conductivity 


10 


Fig. 3. Dc conductivity of annealed crystals doped 
with Ca++. Impurity concentration 
a: 0.01 mole per cent 
b: 0.003 mole per cent 
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at room temperature. It took 30~60 minutes 


‘ to raise the temperature of crystals to the 
‘ selected one from room temperature. 


There- 
fore, we could not observe a change which 
took place during the resting and the tem- 


|; perature increasing. 


_§4. Experimental Results 


a) De conductivity of annealed crystals 

The dc conductivity of the doped crystals, 
which were annealed in the atmosphere of 
nitrogen at 650°C for 11 hours and cooled to 
room temperature at a rate of 10 deg/hr, 
were shown in Fig. 3. The curve for a 
crystal containing 0.01% Ca++ shows a portion 
of steeper slope below 300°C and, when the 
measurements were made while the crystal 
was cooled from 400°C at a more rapid rate 
than 150°C/hr, an increasing cooling rate 
results in a larger conductivity in this tem- 
perature range. 


b) Dielectric loss in annealed and quenched 
crystals 

The dielectric loss curve plotted against 
frequency for annealed crystals shows one 
peak, which is 1.25 times wider than a simple 
Debye type loss as shown in Fig. 4. This 
peak is supposed to be the loss due to impurity- 
vacancy associated pairs in comparison with 


the results by Dryden.® 


tan 8 


frequency (c/s) 


Fig. 4. Dielectric loss in an annealed crystal 
containing 0.01% Cat+ at 143°C. 


Dielectric loss in a quenched crystal was 
also measured. Curve a and 0 in Fig. 95 
show losses which were measured 10 min. and 
5.5 hours after the beginning of decay obser- 
vation, respectively. Curve 6 is shifted down 
to make the figure distinctive. The magnitude 
of the loss peak of curve 0 is smaller than 
that of curve a by 22%. Changes of neither 
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the position nor the shape of the loss peak 
due to the pairs were observed during anneal- 
ing at 144°C. 

From those results we may conclude that 
we can follow a change of the number of the 
pairs during a decay if we measure a ma- 
gnitude of dielectric loss at a fixed frequency. 
We chose 100 kc/s as the measuring frequency. 


tan & 


10% 10° 10° 
frequency (c/s) 
Fig. 5. Dielectric loss in a quanched crystal 
containing 0.006% Ca++ at 144°C. Curve 6 is 
shifted down to make the figure distinctive. 


(see text) 


(hours) 


time 


Fig. 6. Decay of dc conductivity after quenching. 


c) Decay of dc conductivity 

The dc conductivity was found to decay 
exponentially with time. The temperature 
dependence of the relaxation time for decay 
was investigated on the four pieces A, B, C 
and D, which were obtained by cleavage from 
one quenched crystal containing 0.01% Catt, 
as shown in Fig. 6. The origin of time was 
the time at which the temperature of crystal 
reaches the selected one. The activation 
energy for the decay was obtained to be 
0.63+0,leV. (Fig. 7) Decay could not be 
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observed above 200°C for a crystal containing cies in spite of polarization effect. 


0.003% Catt, but at 144°C the conductivity 
decayed slightly (a few per cent). 


d) Ac conductivity decay 
Simultaneous measurements were made on 
dc conductivity, ac conductivity at 300 c/s and 
dielectric loss at 100 kc/s during annealing at 
144°C for a quenched crystal containing 0.01% 
Ca++. The dc conductivity, oo, and the con- 
ductivity at 300c/s, 0300, decayed, keeping a 
relation 
6300 = Ki00 (2) 


as shown in Fig. 8. A: was about 1.6 and 
this suggests that the measured value of the 
de conductivity was affected by polarization. 
But, at the same time, this relation shows 
that the magnitude of the dc conductivity is 
proportional to the number of the free vacan- 


activation energy 
063 + OleV 


(min.) 


time 


relaxation 


22 20 SB McK" 
10°/T 


Fig. 7. Relaxation time for decay of dc con- 
ductivities. 


log (oo fQ+cmI') 
i 
° 
Ny 


“10.5 -10.4 
log (cso. 2-cmT') 


Fig. 8. Relation of de conductivity and ac con- 
ductivity at 300 c/s during decay at 144°C. 


simple associated pairs and the free vacancies § 
contribute. 
bution from the latter can be estimated from | 
the conductivity at 300c/s. 
3~4% of the total loss. 
value from the observed loss, the contribution 
from the former could be obtained. Fig. 9 
shows a curve of the logarithum of oo(f) versus 
the logarithum of tand due to the pairs, 
tan Opair. This curve can be fitted by a re- 
lation 


The nearly same value of K2 was obtained for 
crystals containg Ca++, the concentration of | 
which is 0.003% to 0.02%, at the same tem- 
perature. 


Fig. 9. Trajectry of conductivity during anneal- 


| 
\| 
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To the dielectric loss at 100kc/s both the — 


The magnitude of the contri- | 


This was only 
By subtracting this 


tan Opair= Kez do'-9?, (3) 


-10.6 


108 
-2.6 2.4 


=25 
log (tan Spair ) 


ing at 144°C. 


27 =25 -23 

log (tan S pair ) 
Fig. 10. Trajectory of conductivity during an- 
nealing at 144°C. 


A quenched crystal containing 0.02% Ca++ 


was cooled slowly to room temperature after 
the decay of the conductivity was measured 
at 144°C for several hours, and was again 
heated to 144°C after keeping at room tem- 
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perature for 19 hours and the measurement 
was continued. The result is shown in Fig. 
10. The point a is that obtained in the 
measurement after resting at room tempera- 
ture. The other points are those in first 
annealing. A straight line could be drawn 
through all these points and the same relation 
as the formula (3) was obtained. 

For another crystal we made a similar 
measurement, but by heating the crystal for 
several hours up to higher temperature by 10 
degrees in the course of annealing instead of 
cooling. The same relation was also available. 


§5. Discussion 


a) Possible influence of quenching strains 
on the conductivity 

In ionic crystals the thermal conductivity is 
very small and thermal stresses cause plastic 
deformations. If quenching strains had an 
influence on the jump frequency of the bound 
vacancy around a Ca++ ion, its change would 
result in a shift of the peak frequency of 
loss. As shown in Fig. 5, we could not find 
any change either in the peak frequency or in 
the shape of the curve of loss due to the 
simple associated pairs during annealing. This 
implies that the observed decay of the loss is 
not affected by quenching strains, but is due 
to the decrease of the number of the pairs. 

As for the free vacancies, we may conclude 
that quenching stains have little influence on 
their mobility, when we take into account the 
fact that measurements of ionic conductivity 
of pure crystals after quenching by air cooling 
reveal no change in either the ac or dc 
values. 

Therefore, a relation between the free 
vacancies, m», and of the pairs, mp, can be 
deduced from the formala (3), 


Ny=K’2 Wome (4) 


b) Association of vacancies with the im- 
purity tons 

In quenched crystals, there exists an excess 
of the free vacancies and the isolated impurity 
ions. They will attract each other and form 
simple associated pairs. These pairs also tend 
to form precipitates or higher complexes. 

These reactions can be formulated in terms 
of the following equations: 

Reaction I [free vacancy] +[isolated imprity 


(5) 


ion] [simple associated pair], 
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Reaction II x[simple associated pair] 
(6) 
Charged higher complexes may also be formed. 

From the experimental results shown in 
Fig. 9 and 10, following conclusions can be 
obtained: 

1) The deviation of the curve in Fig. 9 
from the curve a in Fig. 1 is the direct 
evidence for the formation of higher complexes 
or precipitates during the annealing. 

2) Reaction I can reach an equilibrium in 
a short time at 144°C, but for the other 
reaction the time required to reach equilibrium 
is long. In this situation an expected curve 
of %» Vs. Np» is Curve c in Fig. 1. We, however, 
observed only a part of the trajectory because 
of our experimental condition that it took 
about one hour to raise the temperature of 
crystals to the selected one. 

From the present experiment, we can not 
decide which are formed during the annealing, 
precipitates or higher complexes. But, the 
formation of higher complexes seems more 
likely, because the density of KCl crystals 
containing smali amount of CaCl, changes 
linearly with the concentrations of the im- 
purity.” 

Since the reaction 1 reaches equilibrium in 
a short time, the following relation may be 
expected between the concentrations of the 
defects: 


< [precipitate or higher complex]. 


Me Nv NiF=Np, Oe 
where m: is the number of isolated impurity 
ions. K is slightly dependent on the concen- 
tration of unassociated defects, because there 
exist long range Coulomb interactions among 
these defects. 

Unless charged complexes are formed, 
Ny =Ni, (8) 
and Eq. (7) is reduced to an explicit form 
as!)>8) 


LORE) BEES. Weer 


Deny Bin TT ale 
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where x, and x, are the molar fractions of 
the pairs and of the vacancies respectively 
and 7» is a binding energy of the pairs divided 
by Boltzmann’s constant. In the derivation 
of this equation, purely Coulombic interactions 
among the defects are assumed at all separa- 
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tions and only nearest association is considered 
as pair. 

The experimental results in NaCl containing 
CdCl: agree well with the prediction of Eq. 
(9), if we take the binding energy as 0.34eV.® 
This value is in fairly good agreement with 
the calculated one by Bassani and Fumi.” 
They obtained the value of the binding energy 
of 0.32eV for Ca++ in KCl.» Whena sum of 
the concentrations of free vacancies and pairs 
is 1x10-°%, 5x10-°% and 1x10-°%, d (log x»)/ 
d (log x») is estimated to be 1.8, 1.7 and 1.6 
respectively from Eq. (9), using the binding 
energy of 0.32eV. In these estimations, the 
long range interactions are somewhat underes- 
timated, because the energy value of 0.32 eV 
is smaller by a factor of about 2 than that 
obtained on the assumption of purely Coulom- 
bic interactions, and correction of this will 
further reduce the value of d (log xp)/d (log x»). 

On the other hand, from the experiment 
of the conductivity decay, we obtained the 
formula (4), where d (log xp)/d (log x») =1.92. 
The disagreement between the experiment 
and the above estimation suggests that the 
number of free vacancies may not be equal 
to that of isolated impurity ions or the distri- 
bution of defects may not be homogeneous. 

In the former case charged complexes or 
charged dislocations will be formed. Owing 
to the lack of information about the concen- 
tration of isolated Ca++ ions, we can make no 
further discussion. If similar experiments as 
above are made for crystals containing man- 
ganese impurities, more definite conclusions 
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may be obtained, because we expect to have 
detailed information about the behaviors of 
manganese ions from electron spin resonance. 

As to the existence of heterogeneity in 
crystals, we may conclude that quenching 
strains do not play important role, taking 
into account that both crystals cleaved as 
shown in Fig. 2 and those, for which all 
surface layers were removed, showed the i 
same results. 

The author wishes to express his sincere 
thanks to Professor H. Kanzaki and Professor ~ 
T. Suzuki for their encouragement and many 
valuable discussions. He is also much indebt- 
ed to Mr. K. Kido for his help and to Pro- 
fesor J. Yamashita for his advice. 
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A method of measuring the intensity of electron in electron diffraction 
patterns by the electron-bombardment-induced-current (EBIC) in a CdS 
single crystal is described. The CdS detector is moved in the diffraction 


camera by a screw which is driven by a synchronous motor. 
measured directly by a automatic recording millivoltmeter. 


EBIC is 
EBIC pro- 


perties of good crystals selected from those prepared by Frerichs’ 


method are given. 
2-3% error, 


Introduction 


§1. 

The photographic method is usually em- 
ployed for the intensity measurement in 
electron diffraction. For the purpose of 
precise measurement, however, this method 
requires rather elaborate procedures and for 
all these procedures an accuracy better than 
a few percent cannot be expected. In X-ray 
diffraction, the direct method of intensity 
measurement with a G-M or other counters 
is widely used with satisfactory results. 
Lennander” has developed the G-M counter 
method in electron diffraction and succeeded 
in obtaining on accuracy as high as that in 
X-ray diffraction. However, the resolving 
time of the G-M counter is too long for the 
beam intensity conveniently used in electron 
diffraction experiment and moreover the de- 
tector is not suitable to be put in the ordi- 
nary diffraction camera. 

One of the authors and his collaborator” 
have pointed out that the electron-bombard- 
ment-induced-current (EBIC) in CdS crystal 
can be utilized for the intensity measurement 
in electron diffraction, and Simon® applied 
this method to X-ray diffraction. It was 
pointed out in the electron case, that draw- 
back of this method were relatively long re- 
sponse time (1 min.) of, and the hysteresis 
effect in EBIC. By proper choise of the CdS 
crystal, the characteristics of the detector are 
now greatly improved, the response time and 
the hysteresis effect being reduced to a 
negligible extent. 

Characteristic of the photoconduction® and 


It is shown that the intensity can be measured within 
if suitable precautions are made. 
measurement on TICI is also given. 


An example of the 


of EBIC*) have been studied by many authors. 
However, the results obtained are not always 
satisfactory for the present purpose. 
Experimental results on the EBIC charac- 
teristics of CdS detector for use in electron 
diffraction are presented in this paper toge- 


ther with an example of the intensity 
measurement. 
§2. Preparation of CdS Detector 


The CdS single crystals were prepared by 
Frerichs’ method, no impurity being added 
purposely. Crystals suitable for the detector 
of electron beam were selected under the fol- 
lowing directions: i) the stick-like crystals 
0.5-1.0mm in diameter and about 3mm in 
length, ii) with orange colour, iii) no lumi- 
nescence with ultra-violet irradiation, iv) with 
extremely small dark current and v) with 
relatively large photocurrent induced with 
daylight. 

Indium metal which makes ohmic contact 
with CdS was evaporated directly onto the 
crystal surface with a narrow gap at the 
centre of the crystal. The gap was made by 
placing a fine wire on the crystal during the 
evaporation. Deposited indium served as 
electrodes and the gap as the slit of the de- 
tector. Suitable thickness of indium electrode 
is 1500-3000 A, for 0.03mm gap. Thicker 
electrodes made electrical contact with each 
other and with thinner ones the effective 
width of the slit became larger than the true 
width of the gap. This is probably due to 
the fact that the conductivity of thin electro- 
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des is comparable with the conductivity of 
CdS crystal induced by electron beam which 
can penetrate through thin electrode and 
reach the crystal underneath. 

The crystal detector prepared by the above 
procedures was set between two _ copper 
electrodes, making electrical contact with 
them with conductive paste. 


§3. Apparatus 


The diffraction camera used in this experi- 
ment is of a usual type with a focussing coil. 
CdS detector is placed in front of a box con- 
taining the photographic plates and can be 
driven perpendicular to the incident beam: by 
a screw which is rotated either by hand or 
by a synchronous motor. The maximum 
stroke is 9cm. The driving system of the 
detector is shown in Fig. 1. D is the detec- 
tor composed of a insulator base, two cop- 


Fig. 1. Arrangement of CdS detector and Faraday 
cylinder in the diffraction camera. D is the 
detector, S the driving screw, P the metal 
shield, F the Faraday cylinder and C the beam 
stop, 
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per electrodes and an CdS crystal, P is a 
metal shield which protect the insulator base 
from being charged up by electron beam, S 
is the driving screw, C is the incident beam 
stop and F is a Faraday cylinder, 6.5mm in 
diameter, which is used in obtaining the 
characteristic curve (i.e. EBIC vs. electron 
intensity curve) of the crystal. 

The detector D is connected in series with 
a battery and an automatic recording millivolt- 
meter which are placed outside the camera 
and F with a DC amplifier of maximum 
sensitivity 10-° A. 

Photographic plates can be stored in a box 
not shown in the figure and the diffraction 
pattern can be photographed whenever de- 
sired. 

The primary voltage of the high-tension 
transformer was kept constant by an automa- 
tic stabilizer which was controlled by a vari- 
able impedance connected in series with the 
primary circuit of the transformer. No espe- 
cials tabilizer of the electron current was used, 
but following precautions were taken: i) the 
voltage on the Wehnelt cylinder was applied 
by self-biasing, ii) tungsten filament with fresh 
surface was used as the cathode which was 
heated by a battery, iii) the residual pressure 
in the diffraction camera was kept as low as 


Fig. 2. Schematic diagram showing the arrange- 
ment of obtaining the EBIC vs. electron in- 
tensity curve. 
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8x10-°mmHg. Under these conditions the 
fluctuation in the total electron current was 
less than 1%. 


§4. Characteristics of the CdS Detector 


i) EBIC vs. electron intensity curve 

Fig. 2 schematically shows arrangement of 
obtaining the sensitivity curve and measuring 
EBIC and the electron current. The scatterer 
A is a thick film of amorphous substance 
such as glass, which gives diffraction pattern 
of almost uniform intensity distribution, the 
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incident spot disappearing in the pattern. The 
Faraday cylinder is set at high scattering 
angle where the intensity distribution of 
electrons over the openning of the cylinder is 
sufficiently constant, and the CdS crystal is 
held behind the hole at the bottom of the 
cylinder. The electron current onto the 
crystal is calculated from the current onto 
the Faraday cylinder assuming the proportio- 
nality between the beam current and the 
cross section. The voltage applied to the 
crystal and the mean electric field in. the 


Table I. Properties of CdS detectors. 
Dector No. ee es yanth pet aoe n* Gain* 
1 | 0.2 0.70 45 (2.25) 0.82 4.8X108 
2 0.08 1.00 6 (0.75) 0.90 1.2x 10? 
3 0.08 0.69 6 (0.75) | $70.97 5.1x 10? 
4 0.03 0.68 1.5 (0.50) | 0.87 1.3x 10? 
5 0.03 0.75 45 (15.0) 0.90 
(>3.1x 10-10 A/cm?) 
0.98 
| (<3.1x 10-10 A/cm?) 
2.3x107 
6 0.03 0.74 15 (0-50) 0.82 4.3x107 
Wf 0.03 0.53 GB — (Bo) 0.96 4.9x10? 
8 0.03 0.67 1.5 (0.50) 0.97 4.3x107 
* for 41.3 keV electrons. 
crystal are given in Table I. 5a 
The results for 41.7 keV electrons are shown a 
in Fig. 3, Fig. 9 (a) and (b). Dark current 5 
for each crystal was negligibly small. The a es 
relation between EBIC and the electron cur- vA 
rent is given by the well known formula sf yfi 
ben ve 
F ed . ate cre 
where z and J are EBIC and the electron cur- ~ 
rent, respectively. Values of ” are given in k . Wa 
Table I, which are constant in the whole 3 vi 
range of measurement except in the case of . Me 
Dectector No. 5 for which z is 0.9 for intensi- i ye 
ties higher than 3.1x10-!° A/cm? and 0.98 for “ 
lower intensities. The deviation of the indi- Hh. 
vidual points from the curve is within 3%, o¥ —s neopets 


except a few points which show larger de- 
viations. These larger deviations might arise 
not from the error in the measurement of 
the intensity of EBIC but from that in the 
measurement of the electron current. The 
measurement of the latter is more difficult 
owing to the stray electrons scattered or se- 


4 3) 
x|0'A/cm* 
Fig. 3. Characteristic curve for Detector No. 2. 
The ordinate is EBIC and the abssisa is the 
electron intensity. Electron energy=41.3 keV. 
@: the measurement on the Ist day, 
©: the measurement on the 2nd day, 
x: the measurement on the 3rd day. 
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condarily emmitted from the surroundings of 
the Faraday cylinder. 

The characteristic curve did not change for 
48 hours so long as the crystal was kept in 


vacuum. When, however, the crystal was 
exposed to air, the characteristic curve 
changed. An example is shown in Fig. 4. 


ee et 
3 4 


J | 
Gy ots ee ile 


1 
Ol pl 2 5 
x10" A/em* 


Fig. 4. Change of the characteristic curve upon 
exposure to air and subsequent evacuation. 
Electron energy =41.3 keV. 

: before the exposure, 

: 1» 30’ after the exposure, 

: 3h 00’ after the exposure, 

: 4h 30’ after the exposure, 

: 245 after the exposure. 


qxDO® 


Black circles represent results before the ex- 
posure to air, and white circles those 1.5 
hours after 15 minutes exposure to air and 
subsequent evacuation, triangles and crosses 
those of later measurements. The time of 
measurement after the exposure is given in 
the legend. It is shown in the figure that 
after 4.5 hours the curve did not change any 
more, but it did not coincide with the initial 
curve, while for Detector No. 8 the charac- 
teristic curve coincided with the initial one 
about 20 minutes after the exposure. After 
repeated exposure to air, not only the gain 
but also the value of m changes. So it is 
necessary to check the characteristic curve 
for each intensity measurement. 

The sensitivity of CdS crystals changed on 
irradiation with very strong electron beam. 
The EBIC then gradually increased with con- 
stant beam intensity. When the direction of 
the applied voltage was reversed by B in 
Fig. 2, the EBIC suddenly decreased and then 
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gradually increased. 

The irradiation with such a strong beam 
must be avoided, hence use was made of 
beam stop C in Fig. 1. By the irradiation 
with diffracted electrons used in this experi- 
ment none of the crystals showed such de- 
crease of EBIC on reversing of the field, ex- 
cept Detector No. 1 which showed a slight 
decrease at the beam intensity higher than 
5x 10-!° A/cm?. 
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Fig. 5. Change of sensitivity with electron energy 
for Detector No. 2. Electron intensity=3.5 
10-10 A/cm?. 
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Fig. 6. Characteristic curves for Detector No. 8 
with various electron energy. @: 23.5 keV; 
O: 32.4keV; a: 41.3keV; A: 50.2keV. 


Fig. 5 shows the variation of EBIC with 
the accelerating voltage at constant electron 
current for Detector No. 2 and Fig. 6, the 
characteristic curve of Detector No. 8 for 
23.5, 32.4, 41.3 and 50.2 keV electrons. The 
change of the characteristic curve was re- 
versible with the change of the accelerating 
voltage. 
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li) Response time 

The speed of response of EBIC is an im- 
portant factor in the present method. It has 
been reported? that the response of photo- 
conduction consists of two distinct parts: an 
initial rapid portion and a much slower portion 
of which response times are several y sec. 
and several sec., respectively. 


Fig. 7. Response of 
EBIC on _ Detector 
No. 8, (a) for J=1.2 
x 10-10A/cm?, (b) for 


decay rise Ip =3.2X 10-12A/cm?, 
(c) showing the 
meaning of symboles 
ESS SS used in the text. 


Fig. 7 shows the results of the experiment 
on EBIC. The electron intensity was instan- 
taneously reduced to about half of the initial 
value and then increased to the initial value. 
(a) and (b) show the results for strong and 
weak irradiation, respectively. (c) shows 
schematically two portions of response time 
and the meaning of symbols used in the text 
and in Table II where values of response time 
T in rising case are given. The value of 7, 
which is here refered to as “the response 
time” is defined as the time required for z(t) 
to become i;/2 (see Fig. 7(c)). Note that T 
does not mean the time required for z(t) to 
become 7-/2. The value of 7 for decaying 
case is generally a little smaller than that for 
rising case. In Table III, values of T and 
is/io of Detector No. 8 are shown for various 
change of the irradiation intensities in the 
case of medium and weak irradiations. EBIC 
reaches to the constant value within a few 
second even with very weak irradiation, 
and the response time is the shorter, the 
smaller the variation of irradiation intensity. 
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Table II. Values relating to the response of de- 
tectors in the rise case. J[,/J)=1/2 and electron 
energy =41.3 keV. 


Tee ts/io (%) T (sec.) | Ip (A/cm?) 
| 

2 05 <0.5 | 8.6x10-1 

i 80.5 1 | 4.4x10-10 

1.5 1 bezel 10-20 

3 1.5 9.3x 10-11 

3 1 0.5 4.1x 10-10 

3 1 7.5x 10-1 

5 1.5 3.1x 10-11 

9 1.5 1.6 10-11 

4 2 1 6.4x 10-10 

2 1 3.2x 10-10 

5 1.5 1.4x 10-10 

8 1.5 2.6 10-1! 

5 Crome Mo's 3.8x 10-9 

1 0.5 1.2x10-9 

1 1 6.3x 10-0 

4 1 2.8x 10-10 

6 1.5 1 2.0 10-9 

2 1 8.6 10-10 

3 1 2.2x 10-10 

4 1.5 «07 ohel doze 

q 2 1 | 2.3x10-9 

3 1 ~ 1.0x10-9 

4 1.5 3.5x 10-10 

7 1.5 1.3x 10-10 

8 015-115 20.5 9 04016210510 

2 1 | 5.7x10-" 

3 1 | 2.4x 10-11 

5 V5) jode1 10-8 

15 1.5 | 3.2x10-1 


The response time was smaller than the 
response time of the recorder for the intensi- 
ty variation usually met with in practical 
diffraction work. 
iii) Other Properties 

a) Noise of EBIC. For the detector with 
slit width larger than 0.08mm, the noise of 
EBIC was less than the fluctuation in the in- 
cident electron intensity and was negligible. 
For smaller slit width, e.g. 0.03mm, the 
magnitude of noise was often larger than 
10% of the EBIC for weak irradiation, and 
did not decrease with decrease of the electron 
intensity, though the fluctuation in the 
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Table III. Values relating to the response corresponding to various changes of electron intensity 
for Detector No. 8. (electron energy =41.3 keV). 


In the rise case In the decay case 
I) (A/cm?) I,/Io as/to (%) T (sec.) islin (%) T (sec.) 
9.5x 10-1 1/4 0.5 0.5 | Ons <i050 
1/2 1 0.5 1 0.5 
3/4 2 1 1 0.5 
7/8 Dis 5) 15 1 
1 3 1 Pe 15 
3 2.5x 10-1 1/4 ZO 1 RO i 
1/2 3 1 3 il 
3/4 5 2 3 2 
7/8 U 7265) BD 225 
1 9 Pts 6 255 


electron intensity became smaller with the 
decrease of the electron intensity. After pro- 
longed use with large noise, the crystal was 
often broken down and became conductive. 

When there is a large noise, it is better to 
reduce the applied field and diminish the 
noise. For this reason the strength of the 
applied field to the crystal is limited. 

b) The infra-red quenching. It was report- 
ed in the previous note, that the illumination 
with infra-red light improved the hysteresis 
effect in the sensitivity curve. This method, 
however, was not adopted in the present ex- 
periment, because (1) the hysteresis effect in 
the sensitivity curve was not observed so 
long as the electron intensity was kept less 
than a reasonable value, (2) the response of 
EBIC was not improved, (3) the sensitivity 
decreased and (4) the variation of the EBIC 
increased probably by the fluctuation in the 
infra-red intensity. 


§5. Measurement of Debye Ring for Elec- 
tron Diffraction 


Fig. 8 (a) and (b) show the intensity curves 
of electron diffraction pattern from a poly- 
crystalline TIC] which was preparated in the 
camera by vacuum evaporation onto collodion 
film. CdS Detector No. 8 with slit width 
0.03mm was used. (a) and (b) show the in- 
tensity curves for which the divider resistance 
R shown in Fig. 2 were 1k2 and 10k2, 
respectively. 
was taken subsequently. Fig. 9 (a) and (b) 
show the characteristic curves for Fig. 8 (a) 


(c) shows the photograph which. 


and (b) respectively, by which the absolute 
values of electron intensity of (a) and (b) can 
be obtained. 

The detector speed was 2 mm/min. and the 
time required for the measurement was 7 
min. This time is determined by the line 
width (0.08mm for 110-reflection in this case) 
and the pen speed of the recorder (2 sec. for 
full scale). If we measure more broad line 
or use the high speed recorder, we can shor- 
ten the time of measurement. 


§6. Discussion 


The main cause of error in the present 
method are as follows: (1) slow response of 
EBIC, (2) the shift of EBIC, (3) the noise and 
(4) the shift and fluctuation of the intensity 
of scattered electrons. The former three of 
these are concerned with the properties of 
crystals, and can be avoided by proper choise 
of the crystal and of the intensity of 
electrons. Detector No. 8, for example, can 
safely be used with current density from 5 
x10- A/cm? to more than 2.5x10-!° A/cm?, 
This range covers the whole range of cur- 
rent densities in usual diffraction pattern. 
The change of the characteristic curve of the 
crystal on exposure to air is a troublesome 
problem, because it necessitates frequent 
calibration of the characteristic curve. This 
will be avoided, however, by employing suit- 
able air lock for the replacement of  speci- 
mens and photographic plates used in ordinary 
electron microscopes. 

(4) arises from the fluctuation of the inci- 
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Fig. 8. Example of the measurement on TICI. 
of measurement are indicated in the figure. 
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(a) 


Fig. 9. Characteristic curves of Detector No. 8. 
and (b), respectively. 


dent beam and the change of the specimen 
on irradiation with electron beams. The 
fluctuation of the intensity of the total 
electron current from the cathode to the 
anode can easily be kept constant within 1%, 
so long as suitable precautions stated in §3 
are taken into account. The fluctuation in 
the intensity of actual incident beam, i.e. the 


<—— 022-5 


The distance in the acctual pattern and the time 


Electron energy =41.3 keV. 
(a) for R (Fig. 2)=1ka, (b) for R=10kaq, (c) the diffraction pattern. 


O2- pA 


0.5 l 
x10''A/cm? 
(b) 


ES 25 


(a) and (b) are those corresponding to Fig. 8 (a) 


beam passed through slits, is somewhat larger 
and is 2-3% in ordinary conditions. The 
intensity of the diffracted beam, however, 
sometimes changed gradually, even if the 
incident beam intensity was kept constant. 
This may be due to the change in specimen: 
e.g. the contamination of the specimen, the 
vapourization in the case of volatile speci- 
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mens and the chemical change in the case of nearly equal to 1 etc. may be expected. 
chemically unstable substances. To avoid 
this effect, weak electron beam should be us- 
ed which, however, is limited by rather slow 
response of EBIC and relatively large noise 
for weak electron beams. The present }) 
method is not adequate for the diffraction by 2) 
unstable substances. 

In the present study, we do not considered 3) 
in detail the mechanism of EBIC, but merely 
quote the data on properly selected crystals 
and show that these crystals can be used for 
the present purpose. The study of photo- 
conductivity of CdS and other crystals has 


This work was partly supported by a rese- 
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Elektronische Wechselwirkung zwischen Wasserstoff und 
aufgedampften Nickelfilmen 


Von Yoshihiko MIZUSHIMA 


Electrical Communication Laboratory, Nippon Telegraph and Telephone 
Public Corporation, Musashino-shi, Tokyo 
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Adsorption of hydrogen on nickel film was measured, which was evapo- 
rated under an ultra-high vacuum condition. The relation between the 
adsorption and the change of electrical resistance of the film was closely 
studied to find apparently complicated results, which were very different 
from those of the previous reports. The effect of film thickness, measur- 
ing temperature and annealing temperature were separately examined. 
Adsorption kinetics were also regarded. From the experimental facts it 
was concluded that the adsorbed species were: (1) negatively charged 
atom, (2) positively charged atom and (3) molecule. The charge is, 
however, relatively small. An explanation for the resistance change 
was suggested. 


solcher Filme zunehmend an Interesse. 
Das Verhalten der elektrischen Leitfahigkeit 
von Metallfilmen bei der Adsorption von 


§1. 
Die Adsorption von Wasserstoff an Uber- 
gangsmetallen ist wegen ihrer grundlegenden 


Problemstellung 


Bedeutung fiir die heterogene Katalyse in den 
letzten Jaharzehnten besonders weitgehend 
untersucht worden. Seit 20 Jahren gewinnt die 
Messung an im Hochvakuum aufgedampften 
Metallschichten”» wegen der Sauberkeit 


Fremdmolekeln® wird neuerdings vielfach und 
mit Erfolg fiir die Untersuchungen herange- 
zogen. Die von den verschiedenen Autoren 
erhaltenen Ergebnisse beziiglich des Systems 
Ni/Hz sind aber noch nicht in guter Uberein- 


'studieren, 
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stimmung®*»»), was zur Folge hat, daB der 
Mechanismus der Adsorption von Wasserstoff 
an Nickel noch nicht restlos geklart ist. 

Das Ziel der vorliegenden Arbeit ist, das 
Verhalten der elektrischen Leitfahigkeit von 
im Ultrahochvakuum® aufgedampften Nickel- 
schichten bei der Adsorption von Wassestoff 
unter saubersten Bedingungen zu verfolgen 
und den Einflu8 der Me8temperatur, der 
Aufdampf- und Temperungsbedingungen zu 
um damit Aufschlu8 ittber den 
Adsorptionsmechanismus zu gewinnen. Ein 
Teil der experimentellen Ergebnisse ist kurz 
mitgeteilt”. 


§2. Experimentelles 


In Abb. 1 ist die Versuchsapparatur dar- 
gestellt. Mefzelle Z. und lonisationometer 


oo 


Abb. 1. 


Mefteil beliebig lange unter gutem Vakuum 
gehalten werden. Solange das Ionisationsma- 
nometer lduft, bleibt dieser Teil im Bereich 
von 10-* Torr. Wenn das Ionisationsmano- 
meter nicht eingeschaltet ist, nimmt der Druck 
dieses Teils langsam zu (iiber Nacht 10° 
Torr). 

Bei der Durchfithrung der Versuche mu8 
das Vakuum beim Gliihen der Nickelwendel 
gerade vor dem Aufdampften 10- Torr 
erreichen. Dann wird die Mefzelle auf 90°K 
abgekithlt, und der Nickelfilm wird aufge- 
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I.M. konnen mit elektrischem Ofen auf uber 
400°C, alle anderen Teile, mit Ausnahme des 
McLeodschen Manometers, mit Hilfe einer 
Heizbandumwickelung auf 300°C geheizt wer- 
den. Das Quecksilber ist vorher mit kleiner 
Flamme gut entgast worden. Nach einer 20 
Stunden dauerunden Ausheizung und Elektro- 
nenbombardment der nicht heizbaren Metall- 
teile des Ionisationsmanometers ist ein Endva- 
kuum von 10-"! Torr erreichbar. Als Kriterium 
fir die Vakuumdichtigkeit soll die gesamte 
Apparatur uber Nacht Klebvakuum halten, d.h. 
der Leckwert soll kleiner als 3.10-"? 1. Torr/Sek. 
sein. 

Der VerschluB Ss ist mit einem Schliffeinsatz - 
versehen, damit keine Rickdiffusion von Gas, 
das langsam vom Quecksilber abgegeben wird, 
in den MeB8 teil stattfindet. Dadurch kann der 


S S 


S. 


V 
2 M 


Versuchsapparatur 


dampft bis zum gewiinschten Widerstandswert, 
normalerweise 1002 (Schichtdicke ca. 100 A), 
innerhalb 15 Min. Danach wird die Zelle auf 
Zimmertemperatur erwarmt und weiter im 
kochenden Wasserbad eine Stunde lang getem- 
pert. Nach Sennett u. Scott® und Reynolds 
u. Stilwell” ist die Kristallstruktur des auf- 
gedampften Films umso kompakter, je groB8er 
die Aufdampfgeschwindigkeit ist. Es ist aber 
in diesem Falle wichtiger, daB die aufgedampfte 
Oberflache gasfrei bleibt. Deshalb wird die 
geringere Wendeltemperatur gewahlt, zumal 
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bei Ubergangsmetallen die Gefahr einer Koa- 
gulation nicht so groB ist. 

Bei der Entkihlung der Zelle nach dem 
Aufdampfen kann man einen kurzzeitigen 
Druckanstieg beobachten, der bei ungenugen- 
der Entgasung der Nickelwendel tuber 107° 
Torr erreichen kann. Wendet man jedoch die 
Methode mit vier Zufiihrungsdrahten® an, so 
tritt dieses Druckmaximum nicht mehr auf, 
soweit die Wendel gut entgast wurde. 

Durch die einstiindige Temperung bei.373°K 
erreicht man, da der Widerstand bei Zim- 
mertemperatur konstant bleibt, da8 also kein 
Ordnungsvorgang mehr festzustellen ist. 

Dann wurde die Messung begonnen. 

Nach der Messung wird die aufgedampfte 
Schicht in verdiinnter Salpetersdure gelést und 
nach einer Methode von Sandell!” photome- 
trisch bestimmt. 

Das in den meisten Fallen zum Versuch 
benutzte Nickel hat etwa 1.7% Verunreinigun- 
gen, wie Co, Al, Si. Um einerseits die 


a) | ae BE 
R . 
wo | Z, 
Ay | es 
2 cones 
ie Z, 
: re 
Esters 
j 
a 
< 
35,022 
2 
Ss 
nn 
s Z > Gaszugabe 
= 9 a A =Abpumpen 
Z, 


ies 
10 
cS 4 7 
~ 5 
x 4 
Vv 
2 
r=] 


Abb. 2. 


Yoshihiko MIZUSHIMA 


(Vol. 15, 


Verunreinigung der Schicht méglichst gering 
zu halten und anderseits did Entgasung 
moglichst vollkommen durchzufiithren, wurde 
bei Verwendung einer neuen Nickelwendel 
zunachst ein Film aufgedampft, der nicht zu 
einer Messung diente. Erst nach Herauslosen 
dieses ersten Films und Reinigung der Zelle 
wurde der richtige Versuch mit einem neuen 
aufgedampften Film begonnen. Der versuch 
mit spektroskopisch reinem Nickel zeigte, 
daB die vorliegende MeBergebnisse bei beiden 
Nickelproben fast dieselben sind, solange die 
Entgasung sehr vorsichtig durchgefihrt wird. 


§ 3. Experimentelle Ergebnisse 

Soweit nicht besonders erwahnt, sind die 
Bedingungen der Schichtherstellung: Aufdam- 
pfen bei 90°K unter 10-*° Torr, Schichtdicke 
ca. 100A und Temperung bei 373°K 1 Stunde 
lang. 

3-1. Adsorption bei 273° K 

Ein typischer Verlauf des Widerstandes und 
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des Drucks bei 273°K als Funktion der Zeit 
nach verschiedenen Zugaben von Wasserstoff 
ist in Abb. 2 dargestellt. Bei der jeweiligen 
Zugaben Z; bis Z; ist nach 20 Sek. kein Druck 
mehr festzustellen. Der Widerstand steigt 
nach der Gaszugabe zunachst sehr rasch an, 
dann langsamer. Die geringfiigige zeitliche 
Widerstandszunahme dauert auch dann noch 
an, wenn der Druck praktisch auf Null ab- 
gesunken ist. Das laBt auf irgeneinen Vorgang 
schlieBen, der unabhanging ist vom Gasdruck. 
Nach der Zugabe einer gewissen Wasserstoff- 
menge erreicht der Widerstand  schlieBlich 
ein Maximum (Z;) und nimmt dann bei 
weiteren Zugaben ab. Die langsame Wider- 
standszuanhme nach jeder Zugabe bleibt jedoch 
erhalten. Der Druck fallt immer noch rasch 
innerhalb einer halben Minute bis auf Null ab. 
Bei weiteren Gaszugaben wird die langsame 
Widerstandszunahme schwacher. Schlie8lich 
erreicht man einen Punkt, von dem ab nicht 
mehr die ganze abgegebene Gasmenge adsor- 
biert wird. Nach diesem Punkt ist das Ad- 
sorptionsgleichgewicht so langsam, dafi man 
mit dem Piranimanometer verfolgen kann. 
Der Druck- und Widerstandsverlauf ist jetzt 
mit einem betrachtlichen Zeitbedarf verkniipft. 
Der Sattigungswert wird innerhalb einiger 
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Stunden nicht erreicht. Wa&ahrend vor diesem 
Grenzpunkt durch Abpumpen kein Gas desor- 
biert werden kann und der Widerstand sich 
folglich beim Abpumpen auch nicht dndert, 
laBt sich nach dem Grenzpunkt durch Abpum- 
pen innerhalb der Fehlergrenze die gesamte 
(nach diesem Grenzpunkt) adsorbierte Gas- 
menge desorbieren, wobei die Widerstandsan- 
derung riicklaufig ist. Dieser Grenzpunkt ist 
also eine wichtige Gr6Be und wird im folgenden 
als irreversible Grenze bezeichnet. Die Gas- 
menge, die bis zu dieser Grenze adsorbiert ist 
und nicht mehr desorbiert werden kann, wird 
Nirr genannt. Die reversibel, unter dem Druck 
5.10-* Torr und in 1 Stunde adsorbierte Menge 
wird Mrey genannt. Unter mmax versteht man 
die Menge, die bis zum Erreichen des 
Widerstandsmaximum adsorbiert ist. Die ent- 
sprechende Widerstandsanderung vom An- 
fangswert Ro wird 4Rmax genannt. 

Wird eine gentigend groRe Wasserstoffmenge 
auf einmal zugegeben, so erreicht die Adsorp- 
tion innerhalb einer halben Minute die 
irreversible Grenze, nach der die Adsorption 
langsam vor sich geht, wie in Abb. 3 darge- 
stellt ist. Der Widerstand erreicht also das 
Maximum sehr rasch, so da nur der rever- 
sible Teil der Beobachtung zuganglich wird. 
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Abb. 3. Adsorption bei 293,5°K 
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Die Widerstandsanderung ist durchaus pro- 
portional der adsorbierten Menge.” Diese 
Tatsache deutet darauf hin, daB der gemes- 
senen Widerstandsanderung und gemessenen 
Adsorption ein und derselbe Mechanismus zu 
Grunde liegt. 

In Abb. 4 sind die Werte fiir die Widers- 
tandsanderungen aus Abb. 2 iiber log (t+%o) 
aufgetragen. Alle Kurven, die bei der Desorp- 
tion erhalten werden, folgen ohne Ausnahme 
und bis zum Ende der sogenannten Zeldovich- 
Gleichung’” 


n= (log (t+t0)-+const] els 


oder 


R=—— (log (t+fo)-+const] . (2) 


Die Abb. 5 gibt den Zusammenhang zwischen 
der relativen Widerstandsanderung 4R/R und 
der adsorbierten Menge pro Makrooberflache 
mit den aus Abb. 2 zu entnehmenden Werten. 
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Abb. 4. Kinetik bei 273°K in Abb. 2 


Die Me8punkte entsprechen noch nicht ganz 
dem Gleichgewicht, da sich der Widerstand 
noch weiter entsprechend der Zeldovich’schen 
Gleichung andert wie aus Abb. 3 zu ersehen 
ist. 

3-2. Adsorptionsisotherme” 

Die isotherme Widerstands- bzw. Druckan- 
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derung wurde bei Zimmertemperatur und bei/ 
tiefer Temperatur untersucht. Die Absorp-- 
tionsenthalpie 4H wird im reversiblen Bereich, 
errechnet und in Abb. 6 als Funktion der’ 
Belegung pro Makrooberflache aufgetragen. 

Bei der Temperaturanderung im Isother- | 
menversuch 1aBt sich die Aktivierungsenergie | 
der Chemisorption bei Zimmertemperatur | 
ermitteln. Die Aktivierungsenergie nimmt 
mit jeder Zugabe schwach zu. Sie ist im 
irreversiblen Bereich nicht zu berechnen und 
betragt wahrscheinlich Null, da sowohl bei’ 
Zimmertemperatur als auch bei tiefer Tem- 
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Widerstandsanderung in Abhangikeit von 
der adsorbierten Zahl von Wasserstoffmolekeln 
bei 273°K nach Abb. 2 
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Abb. 5. 
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Abb. 6. Die aus Isothermen berechnete Adsor- 
ptionswarme 4H in Abhangigkeit von der 
Besetzung mit Wasserstoff 
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die irreversible 
Zeitbedarf vor sich geht. 


3-3. Adsorption bei 90°K 

Der typische Adsorptionsverlauf—durchge- 
fiihrt genau wie bei 273°K—ist in Abb. 7 
dargestellt. Am Anfang finden sehr schnelle 
Adsorptionen mit irreversibler Widerstandszu- 
nahme statt. Bis zum Widerstandsmaximum 
sind die Verhaltnisse sehr Ahnlich wie bei 
273°K. Der einzige Unterschied besteht darin, 
da die standige langsame Widerstandszu- 
nahme, die nach jeder Zugabe unabhangig 
vom Gasdruck verlauft, bei 90°K nicht der 


Adsorption ohne 


Zeldovich-Gleichung gehorcht, sondern nahezu 
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linear ist. Nach dem Maximum nimmt der 
Widerstand—auch wie bei 273°K—ab. Bei 
jeder Zugabe ist ein kleiner Widerstandspeak 
vorhanden, der jedoch schnell durch eine 
Widerstandsabhahme iuberkompensiert wird. 
Nach einigen weiteren Zugaben nimmt der 
Widerstand wie vorher zu, doch erfolgt die 
Abnahme bedeutend langsamer und in so 
geringem Mae, da als Endeffekt eine 
geringe Widerstandszunahme resultiert. Der 
irreversible Grenzpunkt wird dann (Z,0) erreicht 
und der Druckverlauf ist meBbar. 

Bei weiterer Zugabe andern sich die Ver- 
haltnisse wieder. Der Peak bei der Zugabe 
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Abb. 7. Adsorption bei 90°K 
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bleibt, doch ist die nachfolgende Widerstands- 
abnahme so gro8, daB sie die Zunahme tber- 
wiegt. Beim Abpumpen geht dieser reversible 
Teil nach Auftreten eines umgekehrten Peaks 
wieder zuriick. Je hdher der Zugabedruck 
wird, desto starker diese Umkehr der Wider- 
standsanderung. 

Wenn auf einmal eine hinreiched gro8e 
Gasmenge zugegeben wird, erhalt man eine 
Kurve, wie sie in Abb. 8 und 9 dargestellt ist. 
Die Adsorption erreicht schon in einer halben 
Minute tiber Maximum und Minimum des 
Widerstandes die irreversible Grenze. Danach 
findet eine langsame, teilweise reversible Ad- 
sorption statt. Beim Abpumpen desorbiert nur 
wenig. Der Obserflachenproze8 geht immer— 
auch wahrend des Abpumpens—unabhangig 
vom Gasdruck weiter, so da lei der nochma- 
ligen Zugabe der abgepumpten Gasmengen 
der Druck weiter abnimmt. 

Um die Umkehr (Inversion) der Widerstands- 
effekte eingehender zu priifen, wurden folgende 
Versuche unternommen. In Abb. 8 ist der 
Einflu8 des Gasdrucks auf die Inversion gezeigt. 
Mit kleinem Zugabedruck wurde zunachst die 
Reversibilitat gepriift. Danach wurde ein 
gro8er Druck zugegeben (Z;). Nach dem 
Abpumpen wurde nochmals wie vorher ein 
kleiner Druck zugegeben. Es zeigt sich, da8B 


nun die Inversion stattgefunden hat, d.h., 
— 
253% ee -38,3.Q- 
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daB die Widerstandsabnahme nach dem Peak 
bei der Zugabe diesen iiberkompensiert und 
da8 beim Abpumpen die Widerstandszunahme 
starker als die Widertsandsabnahme ist. 

Bei dem andern Versuch (Abb. 9) wurde 
zunachst die Reversibilitat geprift. Dann 
wurde die Zelle auf 273°K erwarmt, ohne da 
vorher abgepumpt war. 


druck und am Widerstand zu erkennen war. 


Nach Abkithlung auf 90°K wurde wiederum . 


die Reversibilitat gepriift. Durch die zwischen- 
zeitliche Temperaturerhéhung ist die Umkehr 
der Widerstandsanderung eingetreten und 
macht sich auch bei dem kleinen Druck 
bemerkbar. 

Eine proportionalitat zwischen Widerstand- 
sAnderung und adsorbierte Menge ist nicht 
mehr vorhanden. Der Druckverlauf folgt der 
Zeldovich’schen Gleichung unabhangig vom 
zwischenzeitlichen Abpumpen wie in Abb. 10 
(aus Abb. 8) dargestellt ist. Der Widerstands- 
verlauf ist dagegen sehr kompliziert. Es gilt 
die Zeldovich-Gleichung bei der Desorption 
nicht mehr, da die Desorption nach wenigen 
Minuten endet. Diese Tatsachen deuten darauf 
hin, da8 mehrere Adsorptionsmechanismen bei 
90°K_ vorliegen. 

In Abb. 11 ist die relative Widerstandsan- 
derung aufgetragen als Funktion der Zahl von 
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Abb. 9. Durch zwischenzeitliche Temperaturerhéhung bewirkte Umkehr des Widerstandseffektes 


90°K 


bei 


(Vol. 15," || 


Dabei erfolgte eine |} 
merkliche Adsorption wie am Gleichgewichts- } 


I] 


1960) 

& ee 

a 85 Se 

S Renee. 

anne 

z oe 

feat Bi 
‘§ 1 

ie 

Rf 
ee 

Q H wee 

s ' 

er fat 

2 wl 

s (oe ' 

g eo a puicer sand) scat sei 

= ae en 

ary 2 ¢ 6 8 10 20 zo 60 100 Te) 
"Zeit in Min. 


Abb. 10. Beziehung zwischen der zeitlichen An- 
derung von R und p in Abb. 11 zwischen Z, 
und Z, 
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Abb. 11. Widerstandsanderung in Abhangigkeit 
von der adsorbierten Zahl von Wasserstoffmo- 
lekeln bei 90°K nach Abb. 10 
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bei 90°K adsorbierten Wasserstoffmolekeln 
unter Zugrundelegung des in Abb. 7 darge- 
stellten Versuchs. 


3-4. EinfluB der Schichtdicke 

Es wurden Schichten mit einer Dicke d von 
25 A bis 500A aufgedampft. Die Adsorption 
wurde jeweils unter gleichen Bedingungen 
durchgefithrt. In Abb. 12 sind die Widerstande 
der Schichten als Funktion der Schichtdicke 
bei 273°K und 90°K angegeben. Wie ersicht- 
lich ist, gilt fiir dickere Schichten ungefahr 
die GesetzmaBigkeit 
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Abb. 12. Widerstand und Schichtdicke unbelegter 
Ni-Schichten 
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Abb. 13. Adsorbierte Menge H; in Abhangigkeit von der Schichtdicke, 273°K 
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1/R=const (d—const), (3) 
sowie fiir diinnere Schicht naherungsweise im 
gemessenen Bereich 
1/R=const-d?. (4) 
Exakt liegt hier natiirlich keine Linearitat 
zwischen log R und log d vor. Grenzdicke 
zwischen beider Gleichungen liegt etwa bei 100A. 
Die charakterischtischen Gro8en “max, Mirr 
und “rey sind ftir verschiedene Schichtdicken 
in Abb. 13 und 14 dargestellt. Die MeB8werte 
ergeben eine Gerade, die nicht durch den 
Ursprung geht. Diese Tatsache deutet darauf 
hin, daB die Adsorption an diinne Schicht auf 
Oberflache stattfindet. Es gibt nur wenige 
Mitteilungen’), die besagen, daB die Gerade 
nicht durch den Koordinatenanfangspunkt geht. 
Extrapoliert man die in Abb. 13 und 14 angege- 
benen Werte nach gréBeren Schichtdicken hin, 
so erhalt man eine ungefahre Ubereinstim- 
mung mit anderen in der Literatur angege- 
benen Werten?.), 
In Abb. 15 ist 4Rmax/R gegen*log d aufge- 
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Abb. 14. Adsorbierte Menge H; in Abhangket von der Schichtdicke, 90°K 


400 


tragen. Die Kurve zerfallt in zwei Teile. Bei 
diinneren Schichten ist 4Rmax/R unabhangig 
von Me8-temperatur und von Schichtdicke, 
bei dickeren dagegen abhangig von Tempe- 
ratur und von Schichtdicke. 

3-5. EinfluB der Temperaturbedingung 

Alle Nickelschichten wurden bei 90°K bis 
100.2 aufgedampft und spater bei verschiedener 
Temperatur 1 Stunde lang getempert. In Abb. 
16 sind max, Mirr, Mrev Sowie ARmax/R fur die 
gleiche Schichtdicke (ca. 100 A) dargestellt. Der 
Ordnungszustand nimmt mit steigender Tem- 
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Abb. 16. Einflu8 der Temperung auf die adsor- 
bierte Menge Hz und auf die maximale Widers- 
tandszunahme 


|perungstemperatur zu und die Oberflachenrau- 
|bigkeit nimmt entsprechend ab. Infolgedessen 
jwerden die absorbierten Mengen “max, “irr, 
\Mrev kleiner, die relative Widerstandsanderung 
|\4Rmax/R dagegen groRer. 


Aus Abb. 17 ist zu 
entnehmen, da’ die Verhaltnisse “rey/nirr bzw. 
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Abb. 17. Einflu@ der Temperung auf das Ver- 
haltnis nrey/Nirr bzw. Mmax/Nirr 


Wahrend die Anderung des elektrischen 
Widerstandes bei allen getemperten Schichten 
ahnlich verlauft, ist bei ungetemperten 
Schichten die zweite Widerstandszunahme 


‘(molekular) viel gréBer als bei den getemperten. 


Die Temperung bei 473°K ruft keine wesent- 
liche Anderung gegeniiber der Temperung bei 
373°K hervor. 


3-6. Einflu&B der Aufdampftemperatur 

Die Abb. 13 und 14 zeigen, da8 beim 
Aufdampfen bei 273°K oder 373°K die charak- 
teristischen Werte, %max, Mirr und Mrey, nicht 
von denen bei normaler Aufdampftemperatur 
(90°K). verschieden sind. Der Verlauf der 


Widerstandskurve zeigt auch keine Ab- 
weichung vom iiblichen Verhalten. Die 
Adsorption von Wasserstoff ist also unab- 


hangig von der Aufdampftemperatur, jedoch 
abhingig von der héchsten Temperatur, auf 
der die Schicht erwarmt wurde, d.h. von der 
Temperungstemperatur. 


3-7. EinfluB der Sauberkeit der Arbeits- 
bedingungen 
Versuche, bei denen die Vorentgasung nicht 
vollkommen durchgefiihrt war, zeigen; (1) 
Auch bei 273°K ein negativer Widerstands- 
peak beim Abpumpen auftritt. (2) ARmax 
erfolgt weniger und von Mal zu Mal verschie- 
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den’) (Durch Vorbelegung ist der Widerstand 
vor der Messung schon erhdht, wodurch max 
entsprechend weniger wird.). (3) Die langsame, 
vom Gasdruck unabhangige Widerstandszu- 
nahme ist verschwunden. (4) Im irreversiblen 
Bereich bei tiefer Temperatur zeigt sich keine 
Inversion, und bei der Gaszugabe nimmt der 
Widerstand lediglich zu, beim Abpumpen ab. 


§4. Diskussion 


4-1. Sauberkeit der Schichten 

Nach Becker’ erhalt man zuverlassige 
Ergebnisse nur, wenn die Partialdrucke von 
Oz. und H:O unter 10-' Torr liegen. Das 
ist wahrscheinlich der Grund dafiir, da8 
die vorhergehenden Arbeiten® #5), 15),17), 18), 19), 20) 
nicht iibereinstimmten und widersprechende 
Ergebnisse zeigten. Oda et al.2” haben ge- 
zeigt, daB der Sauerstoff im Restgas eine 
wichtige Rolle auf MeS8ergebnisse spielt. Die 
beschriebene Resultate sind innerhalb der 
MeBfehler gut reproduzierbar, welcher Erfolg 
nur durch die Methode der vier Zufiihrungs- 
drahten erreicht wurde, denn das Gas, das 
wahrend des Aufdampfens herausgetrieben 
wird, an die neu aufgedampfte Schicht sofort 
adsorbiert und nicht mehr desorbiert, dessen 
Effekt durch Ionisationsmanometer auch nicht 
zu beobachten ist. 


4-2. Diskussion einer Diffusion in das In- 

mere der Schicht 

Beeck?) hat fiir aufgedampfte Nickelschichten 
eine anfangliche sehr rasche Adsorption von 
Wasserstoff und eine nachfolgende langsame 
Druckabnahme gefunden. Diese langsame 
Adsorption ist nach seiner Deutung eine Dif- 
fusion in das Kristallgitter. Spater haben 
Porter u. Tompkins’? am System Fe/H» und 
Gundry u. Tompkins?” am System Ni/H2 diese 
Annahme genau nachgepriift und geschlossen, 
daB die langsame Adsorption eine Art von 
Oberflachenadsorption sei. 

Auch in der vorliegenden Arbeit sind diese 
Verhaltnisse mit einer anderen Methode 
nachgepriift, Wie aus Abb. 17 hervorgeht will, 
das Verhdltnis ”max/Wirr bZW. Mrev/Mirr bei 
Messungen unterhalb Zimmertemperatur nicht 
so stark geandert wie die Mengen max, Mirr 
und “rey selbst. Ferner zeigen Abb. 13 und 
14, daB dieses Verhaltnis fast unabhangig von 
der Schichtdicke und auch von der Me8tem- 
peratur ist. Mit Anderung der Schichtdicke 
Andert sich die Oberflachenrauhigkeit und 
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dadurch auch das Verhaltnis Oberflache zu 
Volumen. Ubrigens, wenn eine Diffusion in 
Filminnere stattfindet, so mu8 sie bei 273°K 
starker als bei 90°K sein. Adsorptionsverhalten 
bei beider Temperatur sind bis zu dem Punkt 
sehr 4hnlich, der etwa min bei 90°K entspricht. 
All diese Tatsachen deuten darauf hin, dafB 
den vorliegenden Versuchen unterhalb Zim- 
mertemperatur und unter 5.10-° Torr keine 
innere Diffusion stattfindet. Bei 373°K nimmt 
jedoch das Verhiltnis mrev/nirr sehr stark zu. 
Hier liegt wahrscheinlich eine innere Diffusion 
vor. 

4-3. Adsorptionssisotherme und  Rauhig- 

keitsfaktor 

Die Adsorptionsisothermen im reversiblen 
Bereich bei Zimmertemperatur ergibt sich 
gegen p ein geradeliniger Verlauf.” Erfolgt 
die Langmuir’sche Adsorption mit Dissoziation 
in zwei verschiedenen Zustanden, so gilt 
allgemein: 


n=bi1V aip/A+V ap) +b2V a2p/)\A+V arp) 
(5) 
Wenn eine der Adsorptionswarmen bzw. eine 
der Konstanten a sehr grof ist, hat Gl. (5) 
folgende Naherung flr niedrige Drucke: 
n=bitb2V ap (6) 
Diese Gleichung erklart die Lage wobei die 
obengenannte Gerade nicht durch den Koor- 
dinatenanfangspunkt geht. Der irreversible 
Anteil 0; liegt vor, wenn die Adsorptionswarme 
dieses Anteils so gro8 ist, daB das Gas nicht 
mehr desorbiert. In Abb. 18 wird die Lang- 
muir’sche Gerade fiir reversible Mengen ge- 
prift. Man erhalt eine Gerade, aus deren 
Neigung der Wert 62 zu errechen ist. Die 
Summe 6:+02 entspricht der Menge der Satti- 
gungsadsorption 3, 7.10'° Molekeln/cm?. Wenn 


IB/n, in 10 Moleken3Ton"* 


>) 


5 16° 
Druck in. Torr 


Abb. 18. Langmuir-Gerade bei 273°K nach Abb. 7 
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man annimmt, daB die drei kristallographischen 
Flachen, (110), (111), (100), fiir nicht orientierte,}} 
diinne Schicht gleichaufig sind, bekommt man} 
einen Oberflachen-ranhig-keitsfaktor von 4.8. | 

Wenn man eine Annahme von Trapnell?)) 
als Kriterium fiir 0=1 itibernimmt, dann be- 
trigt die adsorbierte Menge bis 2,5 kcal,} 
physikalische Adsorptionswarme, bei Zimmer- 
temperatur nach Abb. 6 2,5.10'® Molekeln/cm’,, 
entsprechend einem Rauhigkeitsfaktor von 3} 
fiir die Schichtdicke von ca. 100A. 


4-4. Molekulare Adsorption bei tiefer Tem- 
peratur 
Die Adsorptionsisotherme bei tiefer Tem-- 
peratur und die daraus ermittelte Adsorptions-: 
enthalpie (Abb. 6) lassen sich eine Schluf-: 
folgerung herausziehen, da8 die molekulare: 
Adsorption bei tiefer Temperatur und im re-: 
versiblen Bereich voliegen” wobei im Wider: 
standsverlauf eine zweite Widerstandszunahme : 
vorhanden ist. Somit ist anzunehmen, daf) 
diese zweite Widerstandszunahme von der’ 
molekularen Adsorption versursacht wird. 
Eine Deutung der Ergebnisse geht davon aus, 
daB die H2z-Molekel im Oberflachenfeld des | 
Metalls als Dipol polarisiert ist, dessen positives 
Ende nach au®en gerichtet ist?®. Fur den | 
Schichtwiderstand wird sich das negative | 
Ende starker auswirken, da es naher an der 
Oberflache sitzt. Damit 4R>0. 
Bei Gaszugabe bei tiefer Temperatur treten | 
viele Peaks auf, besonders im Falle der unge- | 
temperten Schichten. Das hat seinen Grund | 
im folgenden. Bei starker Besetzung wird 
die Wahrscheinlichkeit kleiner, daB zwei leere 
Platze nebeneinander vorhanden sind, auf | 
denen eine Molekel sofort dissozieren kann. | 
Deshalb mu8 die Molekel zunachst auf einem | 
leeren Platz molekular adsorbieren (4R>0). 


Spater, wenn durch Oberflachendiffusion ein | 


zweiter benachbarter leerer Platz in der 
gunstigen Richtung entsteht, kann die Molekel — 
langsam auch diesen besetzen und dissozieren 
(4R<0). Bei tiefer Temperatur ist die Rota- 
tionsschwingung kaum angeregt, und aufRer- 
dem die Geschwindigkeit der Oberflachendiffu- 
sion geringer. 

4-5. Eigenschaften der atomaren Adsorption 

Die Adsorption von Wasserstoff an sauberem 
Ubergangsmetall ist zuerst von Roberts?» un- 
tersucht worden, der fand, da8 der Wasserstoff 
bei Zimmertemperatur in Atome dissoziert und 
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“daB die Adsorptionsgeschwindigkeit sehr groB 
| ist. Spater wurde diese Annahme auch an 
aufgedampften Schichten weiter bestatigt?). 16. 
Die anfangliche rasche Adsorption wird 
-als ein Charakteristikum fiir Sauberkeit be- 
bh trachtet2”).28),29), 30). 

| Bei der Wasserstoffadsorption auf Nickel 
~nimmt die Photoemission ab?:39, und das 
' Oberflachenpotential wird negativ*. Dieser 
Befund deutet darauf hin, daB der adsorbierte 
Wasserstoff auf Nickel negativ polarisiert ist. 
Die gréBe des Dipolmomentes laBt sich aus 
verschienenen MeRergebnissen berechnen. Es 
wurde gefunden‘), daB sie viel kleiner ist, 
als zu erwarten ware, wenn der Wasserstoff 
als Ion adsorbiert ist. Die Adsorptionswarme 
ist trotzdem sehr hoch*” und auch die Wider- 
standsanderung ist sehr stark. Es wurde eine 
Theorie®?.*® entwickelt, daS der Wasserstoff 
hauptsachlich kovalent adsorbiert ist. Man 
| kann annehmen, da& sich eine negative Po- 
_ larisation teilweise iiberlagert. Nach einer 
Theorie von Higuchi et a/**) ist der ionische 
Anteil etwa 26% zu berechnen. 


4-6. Atomare Adsorption und Widerstands- 

dnderung 

Bei atomarer Adsorption nimmt der Wider- 
stand zunachst stark zu, dann schwdacher ab. 
Fir die Deutung dieser Erscheinung sind 
folgende Ursachen zu diskutieren. 

a) Es findet eine Adsorption an aktiven 
Zentren bzw. an _ Gitterstdrungen statt*®. 
Solche Zentren sind sehr empfindlich gegenit- 
ber Sinterung. Die erhaltenen MefSkurven 
und charakteristischen GroBen sind aber 
samtlich ahnlich, unabhangig von der Tem- 
perung und von der Aufdampftemperatur. 
Aus dem Grunde ist diese Moglichkeit abzu- 
lehnen. 

b) Einflu8 verschiedener Kristallflachen. 
Aus demselben Grunde wie bei a) und deshalb, 
weil die Vehiltnisse ”max/Mirr bZW. %max/?%min 
unabhangig von der Temperung konstant 
bleiben, ist nicht anzunehmen, da8 die ver- 
schiedenen Kristallflachen einen so verschied- 
enen EinfluB auf die Wasserstoffadsorption an 
Nickel ausiiben, wie das beim Wolfram der 
Fall ist. Diese Differenz der Austrittsarbeiten 
kann nur eine untergeordnete Rolle spielen, 
da die atomare Adsorption hauptsachlich ko- 
valent ist. Wortmann ef al*®) haben bei sehr 
sauberen Bedingungen mit dem Feldelektro- 
nenmikroskop gearbeitet und mitgeteilt, daB 


| 
| 
| 
| 
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die Adsorption von Wasserstoff an Nickel- 
Einkristallen bei sehr  tiefer Temperatur, 
anders als beim System W/H:, sehr homogen 
verlauft, und daB ein Effekt durch die ver- 
schiedenen Kristallflachen nicht zu bemerken 
ist®, 

c) Zunachst findet eine Adsorption an der 
auBeren Oberflache statt, dann an der inneren, 
d.h. an der Grenzoberflache der einzelnen 
Kristallkornchen®. Wenn die Widerstandszu- 
nahme auf eine Adsorption an der Au®eren 
Oberflache, und die Abnahme auf eine Adsorp- 
tion an der inneren zuriickzufiihren ware, dann 
ist es nicht zu verstehen, da8B nach dem Maxi- 
mum der Widerstand bei Gaszugabe sofort 
abfallt und nachher langsam zunimmt. 

d) Temperaturerhohung infolge Adsorptions- 
warme”™, Die angefiihrten Versuche zeigen, 
daB die Zunahme lange Zeit erhalten bleiten, 
unabhangig davon, ob die Schicht abgekiihlt 
oder nicht. Diese Theorie kann also nicht 
bestatigt werden. 

e) Es gibt zwei Arten der atomaren Ad- 
sorption, eine gibt die Widerstandszunahme; 
die andere die Abnahme. Nur diese Deutung 
erscheint modglich. In folgenden Paragraphen 
werden alle experimentellen Ergebnisse mit 
dieser Annahme gedeutet. 

Bis zum Widerstandsmaximum ist der Was- 
serstoff teilweise negativ aufgeladen, da der 
Widerstand zunimmt und die Photoemission 
abnimmt”. Die Elektronen werden aus dem 
Metall in die Adsorptionsschicht gezogen. 
Dieser teilweise negativ aufgeladene Zustand 
sei mit H~ bezeichnet. Nach dem Wider- 


(400) 
620,50 = 


110) 
8°0,50 


PAA ALIYR 
DECDEC DES 


111) 
620,33 


7 YA IAP WVIA 


024 6 8 


Abb. 19. Atomare Adsorption von H‘~—) auf den 
Ni-Kristallflachen (100), (110) und (111) 
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tandsmaximum soll der Wasserstoff entspre- 
chend mit H* bezeichet werden, da der 
Widerstand abnimmt. In diesem Falle aber 
indert sich die Photoemission wenig oder 
sogar nicht”. Von der Vakuumseite gesehen, 
wird sich das Oberflachenpotential nicht so 
stark andern wie der Widerstand, denn H 
ist kleiner als H“™ und haftet dichter an der 
Oberflache. 

Weil der Wasserstoff auf der Oberflache 
beweglich ist®?), wird sich H~ am Anfang so 
gleichmaBig verteilen, daB die Repulsion ge- 
geneinander méglich klein ist. Am Wider- 
standsmaximum liegt eine Verteilung der H~ 
auf den einzelnen Flachen vor wie in Abb. 19 
dargestellt ist. Der mittlere 6—Wert betragt 
#=0,44, wenn alle 3 Kristallflachen als gleich 
haufig angenommen werden. Dieser Wert ist 
ein Sattigungswert und, wie nachher erklart 
wird, nicht zu erreichen. Aus dem Grunde 
ist der beobachtete Wert @(Rmax) kleiner. 
Mmax entspricht einer Oberflachenbelegung von 
ca. 9=0,2, unter der Annahme, dafB der 
Rauhigkeitsfaktor 4 ist. 

Nach diesem Maximum folgt starkere Re- 
pulsion zwischen den adsorbierten Atomen. 
Von diesem Moment an wird die Adsorption 
fiir H“ giinstiger, weil einerseits die elektro- 
statische Energie damit verringert wird und 
anderseits H kleiner ist. Dann kann es 
auch im Gegensatz zu H“ leichter in die 
feinen Spalten eindringen und dort adsorbieren. 
Deshalb ist bei Zimmertemperatur weitere 
Adsorption von H'*) moglich, wahrend bei 
90°K beim Uberschreiten einer gewissen 
Belegung molekulare Adsorption stattfindet. 

4-7. Elektronische Begrundung der Adsorp- 
tion 

In Abb. 20 ist das Potentialprofil des System 
Ni/H: dargestellt, dessen Berechnung auf 
Morse’scher Kurve und auf Literaturenwerte 
erfolgt. Die Abb. 20 zeigt, daB die Wasser- 
stoffmolekel keine Aktivierungsenergie brau- 
cht, um zu dissozieren und zu chemisobieren2”’. 

Dowden*” hat auf Grund theoretischer Uber- 
legungen auf die Mbdglichkeit hingewiesen, 
da zwei Adsorptionstypen fiir Waserstoff 
am Nickel vorliegen kénnen. Diese Theorie 
ist spater von Gundry u. Tompkins*® zur 
Deutung ihrer Ergebnisse aufgegriffen worden. 
Eine Deutung erfolgt mit kombinierten d-s-p- 
Orbitals, die andere lediglich mit d-Orbital. 
Im folgenden wird eine vorlaufige Annahme 
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gemacht, da8 H~ der d-s-p-Bindung und H‘? 
der d-Bindung entspricht. Es ist nicht unbe- 
dingt nodtig, aber dient zur Veranschaulichung. 

In Abb. 21 ist das gesamte Schema der 
Potentialkurven dargestellt. Es ist zu beachten, 


daB die Potentialkurven fiir die d-s-p-Bindung | 


und fiir die d-Bindung auf der Abszisse ge- 
trennt dargestellt sind. Das bedeutet nicht, 
daB die Bindungsabstande so verschieden sind, 


xz 
RS 
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Abb. 20. Potentialprofil des Systems Nickel-Was 
serstoff 
4H 
or 
A 
Abstand 
Abb. 21. Potentialprofil nach der Theorie von 
Dowden 


sondern nur, daB& die d-s-p-Bindung nach der 
d-Bindung erreicht wird und deshalb von der 
Gasphase weiter entfernt dargestellt ist. Die 
zunachst stattfindende einfache d-Bindung 
kann in die starkere d-s-p-Bindung ubergehen 
ohne da8 ein Platzwechsel erfolgt. 


i960) 


Wenn eine Molekel auf die Schicht trifft, 
wird sie sofort dissozieren und in die tiefste 
Mulde M™ fallen. Dabei ist 4R>0 und die 
Adsorptionsenthalpie am gr6oBten. Mit der 
Besetzung wird die d-s-p-Kurve angehoben, 
bis der Schnittpunkt A die Nulllinie erreicht 
(A’). Danach adsorbiert Wasserstoff zum 
groBten Teil als H™ mit d-Bindung aber 
noch ohne Aktivierungsenergie; denn B liegt 
unter der Nulllinie. Mit der Besetzung steigt 
auch diese Kurve an, his der Schnittpunkt B 
mit der Kurve fiir die van der Waal’schen 
Adsorption (H:) die Nulllinie erreicht (B’). 
Danach wird bei 90°K der Wasserstoff nur 
noch zunadchst molekular adsorbiert (H2). Bei 
Zimmertemperatur kann wegen der ther- 
mischen Energie der Wasserstoff iiber die 
Potentialmauer in die d-Bindung gelangen. 
Der Schnittpunkt zwischen den Potentialkurven 
fiir H@ und H™ ist nun sehr stark gestiegen 
(A’”’) und sehr schwer iibersteigbar. Bevor 
der tiefste Punkt M der d-s-p-Kurve und der 
tiefste N der d-Kurve die Nullinie nicht 
erreichen, ist keine wahre Sattigungsadsorp- 
tion anzunehmen. Diese ist wegen der hohen 
Potentialmauer sehr schlecht erreichbar. 

Die Aktivierungsenergie fiir die Desorption 
ist anfanglich sehr hoch und viel yrdfer als 
fiir die Adsorption. Desorption findet deshalb 
noch nicht statt, auch wenn abgepumpt wird. 
Beim Auftreten der reversiblen Adsorption 
sind die Rotentialkurven so weit gestiegen, 
daB die Aktivierungsenergie fiir die Desorption 
bedeutend kleiner geworden ist. Bei 90°K ist 
die thermische Energie aber so klein, daf 
praktisch nur Molekeln desorbiert werden, 
wahrend bei Zimmertemperatur immerhin die 
Atome iiber den molekularen Zustand langsam 
desorbieren, wie es aus Abb. 3 und Abb. 9 
entnommen kann. 

Bei allen Me8kurven ist eine stets zuneh- 
mende Tendenz des Widerstandes vorhanden. 
Solange M niedriger als N und N niedriger 
als die Nulleinie liegt, wird H™ aus der d- 
Binding nicht desorbieren, sondern langsam 
in die d-s-p-Bindung iibergehen. Dieser 
Ubergang ist der langsamen,  standigen 
Widerstandserhohung zuzuschreiben, die bei 
Zimmertemperatur relativ schnell zu einem 
Abschlu8 kommt (Abb. 2), wahrend sie bei 
tiefer Temperatur lange Zeit benotigt. 

Die Verhaltnisse betreffs der Widerstands- 
anderung sind bei 90°K recht kompliziert. 
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Bei der Gaszugabe iiberschreitet der Wider- 
stand einen Peak (Hz), bevor er abnimmt. Bei 
noch gréReren Zugabedrucken tritt die In- 
version ein. Diese Inversion wird, wie in 
Abb. 8 und 9, verstarkt durch groBen Druck 
und durch Temperaturerhohung. Durch die 
beiden Effekte geht die Umwandlung H.— 
Ha—Hesp” schneller. Wenn die fiir die 
d-s-p-Bindung in Frage kommenden Platze 
alle besetzt sind, wird die langsame Wider- 
standszunahme geringer. Die Stellen, die bei 
niedrigem reversiblem Druck von H2 besetzt 
waren, sind jetzt von starker gebundenen 
Hasy~ eingenommen. Nach dieser Druck- 
bzw. Temperaturerhohung sind im reversiblen 
Bereich unter niedrigem Druck nur noch sehr 
wenig Stellen fiir stabiles H2 verfiigbar. Bei 
weiteren Gaszugaben entsteht der instabile 
Peak, aber es schlieBt sich der folgende, rever- 
sible Vorgang an H2@ Au‘. Der Widerstand 
nimmt bei der Zugabe nach dem Peak ab. 
Es ist also Inversion eingetreten. 

Das Oberflachenpotential im  reversiblen | 
Bereich und bei Zimmertemperatur wird bei 
der Zugabe durch den Ubergang Ha'?—>Hasp 
etwas negativer, und damit wird die Photo- 
emission verringert, da der Effekt von Hasp~ 
starker als der von Ha ist. Bei der Zugabe 
von noch hoheren Drucken wird der Adsorp- 
tionszustand von Aasy allmahlich gesattigt, 
und nun bleibt der Wasserstoff meistens als 
H.*. Das Oberflachenpotential wird somit 
etwas positiv, wie auch bei Photoemission” 
gefunden worden ist. 


4-8. Reaktionskinetik 
a) Zimmertemperatur 

Erst im reversiblen Bereich ist die Gesch- 
windigkeit du/dt bzw. dR/dt meBbar. In die- 
sem Falle ist, wie Abb. 21 zeigt, die Potential- 
kurve nach oben zu verschoben. Die Aktivie- 
rungsenergie E ist entsprechend hoher”’, ihre 
Zunahme 4E in erster Naherung proportional 
der adsorbierten Menge. Diese Proportionalitat 
ist theoretisch und experimentell bestatigt 
worden2®).29) ,4, 

4dE=Const: (fe) 

abbgae mae ame 
r =q-e 


dn/dt=Const:exp ( eT 
oe) 
Daraus folgt durch Integration 


pe Geel ae) (8) 
a 
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No =N(t=0), 


also Zeldovich-Gleichung. In diesem Falle spielt 
eine Reaktionsordnung eine wuntergeordnete 
Rolle. Die GesetzmaBigkeit gilt sowie bei 
Widerstandsanderung, da sie proportional der 
adsorbierten Menge ist, als auch bei der 
Desorption, da die Aktivierungsenergie fur 
Desorption auch zunimmt. 
b) 90°K 
b-1) Adsorption als Molekel 

Wie an dem Peak im reversiblen Bereich 
zu erkennen ist, geht die Adsorption als 
Molekel sehr rasch vor sich. Die molekulare 


Adsorption geht beim Abpumpen sofort 
zuruck. 
b-2) Dissoziation in Atome 


Die Molekel kann sich zersetzen und H 
bilden soweit noch ein benachbarter leerer 
Platz verfiigbar ist. Der zeitliche Verlauf des 
Peaks bei einer jeden Zugabe ist nicht genau 
zu verfolgen, da der Vorgang sehr schnell ist. 
Bei ungetemperter Schicht jedoch ist der Peak 
groBer und der Gang verfolgbar. Nach Eli- 
minierung des Ordnungsvorgangs der Schicht 
selbst ist die Kurve in Abb. 22 dargestellt. 


gsgang korrigiert) 


4R-4R, in B 


(Ordaun 


Zeit in Min, 


Abb. 22. Zeitlicher Verlauf der Dissoziation bei 
einer ungetemperten Schicht 


Die Reaktion 1. Ordnung ist fiir die beiden 
Mechanismen méglich, die in § 4-4 vorgesch- 
lagen waren. 

Auch der Peak im zweiten Widerstands- 
zunahmebereich (Z, in Abb. 7) kann untersucht 
werden. Hier ist die atomare d-Bindung 
bereits stark besetzt, so daB der Schnittpunkt 
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B fast zur Nullline angehoben ist. Die Mole-| 
kel kann nicht mehr sofort dissozieren und | 
zunachst als polarisierte Molekel adsorbiert. | 
Die fiir die molekulare Adsorption in Betracht } 
kommenden Stellen sind aber noch nicht ganz | 
besetzt, weshalb die Adsorption immer noch § 
rasch vor sich geht. Die Dissoziation wird | 
in dem Falle bestimmt durch die Geschwin- § 
digkeit, mit der der Punkt B tiberwunden wird. § 
Die Analyse ergibt also eine Zeldovich-Glei- 
chung, die experimentell bestatigt werden 
kann. 
b-3) Stets zunehmende Tendenz des Wider- 
standes 

Wie vorher haufig erwahnt wurde, gibt es 
bei 90°K eine lineare Widerstandszunahme. 
Bei tiefer temperatur geht die Uberwindung 
der Potentialmauer zwischen d- und d-s-p- 
Bindung langsam vor sich. Die Zeldovich- 
Gleichung wird dann fiir die Bedingung: 
kleines T bzw. groBes a umgeformt 


n=—| tin to—In i } 
a to aa 


Das besagt; die d-Bindung wandelt sich mit 
der Zeit linear in die d-s-p-Bindung um. Der 
gesamte Widerstand nimmt linear zu, denn 
es ist | 4Rasp| >| 4Ra|. Der lineare Vorgang 
wird durch eine Druckerhohung und eine Tem- 
peraturerhohung zur Sattigung beschleunigt 
(vgl. Abb. 9). 
b-4) SchluBfolgerung fiir 90°K 

Die Hasyp-Bindung wird am Anfang des 
Versuchs zuerst besetzt, dann Ha und Ab. 
In den spateren Versuchsstufen ist wegen der 
Anhebung der Potentialkurven diese Reihe 
umgekehrt, namlich zuerst wird H2 besetzt, 
dann Ha und langsam Hisy. Diese Tatsache 
ist nur durch die Wechselwirkungstheorie mit 
zwei Bindungstypen zu verstehen. 
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4-9. Elektronische Begrtindung der Wider- 
standsdnderung 
Die folgenden Ausfiihrungen beziehen sich 
auf die Widerstandsanderung bis zum Er- 
reichen der maximalen Widerstandszunahme. 
Nach der semi-klassischen Sommerfeld’schen 
Theorie gilt die Gleichung 
stein LOUSE 
Wai Nel aan 
wobei o die Leitfahigkeit, N die Zahl der 
effektiven Leitungselektronen pro cm?, J die 
mittlere freie Weglange der Leitungselek- 
tronen bedeuten. 
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| Fir die Leitfahigkeit o bei Schichtdicken, 
die GréBer als die freie Weglange sind, gilt 
')theoretisch folgende Formel!”, 


iN 
ay u =e 3 l (11) 
I 
i 


ies Sree ee 


wobei o. sich auf unendlich dicke Schichten 
| bezieht. Sie entspricht der empirischen Formel 
| Gl. (3). Nach dieser Gleichung betragt die 
freie Weglange ca. 110A (umgerechnet aus 
Abb. 12), wahrend in der Literatur‘? fir 
-massives Nickel 266A angegeben ist. Fiir 
aufgedampfte, feinkornige Schichten ist 110A 
| plausibel. 

| Fiir Widerstandsanderung infolge der Ad- 
sorption folgt es aus Gl. (10): 


ARnsAN, Al Ad } 
| a, Sal dw [ies Sod Las (UZ) 
| Zu erster Naherung wird —4R/R=AN/N an- 
-genommen®. Die Widerstandsanderung wird 
'in Elektronenzahlanderung umgerechnet und 
in Einheiten pro adsorbiertes Wasserstoffatom 
in Abb. 23 dargestellt. Dabei wird angenom- 
men, daB ein Nickelatom 0,6 freie Leitungs- 
elektronen liefert. (Die unteren Kurven stellen 
die fiir H’ berechnete Werte dar.). 

Die Elektronenbeanspruchung ist tempera- 
turabhangig, wie aus Abb. 15 und 23 hervor- 
geht. Wenn die Widerstandsanderung durch 

- Beanspruchung bzw. Lieferung von Leitungs- 
elektronen besteht, ist die Tatsache sehr 
schwierig zu verstehen; denn die Leitungsele- 
ktronenzahl ist temperaturunabhangig. Der 

_berechnete Wert von ca. 3 Elektronen pro 
H-Atom fiir dicke Schichten ist auch viel zu 
groB, sowohl bei kovalenter als auch ionischer 
Bindung. 

In Abb. 24 ist der Absolutwert 4R/max gegen 
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Abb. 23. Elektronenbeanspruchung pro Wassers- 
toffatom in Abhangikeit von der Schichtdicke 
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Abb. 24. Maximale absolute Widerstandszunahme 
bei 90°K und 273°K als Funktion der Schichtdicke 
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Abb. 25. Maximale Leitfahigkeitsabnahme bei 
90°K und 273°K als Funktion der Schichtdicke 
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d aufgetragen. Der durch Adsorption her- 
vorgerufene Zusatzwiderstand ist temperatur- 
unabhangig. Diese Tatsache deutet genau 
wie bei der Matthiessen’schen Regel daraufhin, 
daB die Widerstandsanderung durch eine Be- 
hinderung der Leitung verursacht wird und 
nicht durch die Anderung der Elektronenzahl. 

In Abb. 25 ist domax gegen d aufgetragen. 


Nach Abb. 15 kann man naherungsweise 
folgende Gleichung erhalten 

1/R=Const: N./.d” (CS) 
wobei m=1. Daraus folgt 
und ferner 
cL = =4N.1.d"+Al.N.d™ + md.N.l.d— 


(15) 
Aus Abb. 12 erhalt man fiir dickere Schichten 
einen Wert m1, und fiir dinnere m2. 
Zur Deutung des Kurvenverlaufs in Abb. 25 
fiir dickere Schichten, bei denen 4o tempera- 
turabhangig ist und die Neigung etwas groBer 
als 0 ist, kann nur das letzte Glied der rechten 
Seite in Gl. (15), dd.N.l.d™, herangezogen 


werden. Das Auftreten von 4d im letzten 
Glied kénnte in folgender Weise gedeutet 
werden. Durch die Wechselwirkung werden 


die s-Elektronen teilweise in die d-Lticken*’'® 
und teilweise fiir die Aufladung des Wasser- 
stoffs tbergehen, um damit eine Bindung 
aufzufihren, was zur Folge hat, da& die 
Oberflachennickelschicht freie Elektronen ver- 
liert und eine Elektronenmangelschicht sich 
bildet. Als Endeffekt wird diese unmittelbare 
Oberflachennahe fiir die Stromleitung unwir- 
ksam. Die effektive Dickenanderung betragt 
ca. 4A, also 1~2 Nickelatomschichten. 

Bei diinneren Schichten (<110A) gilt m2 
und dann kommt als einzige Moéglichkeit fiir 
eine Deutung des Kurvenverlaufs in Abb. 25 
das Glied 4/.N.d’, bei dem einerseits die 
Neigung ca. 2 ist und das anderseits tem- 
peraturunabhangig ist. Bei diinneren Schichten 
spielt die Oberflachenrauhigkeit eine wichtige 
Rolle. Die Streuung der Leitungsselektronen 
durch das in Spallen sleckende H@ wirkt viel 
starker aus, als auf einer glatten Schicht. 
Dabei sollte man den Effekt nicht als gleich 
maBige Querschnittanderung betrachten, denn 
in der Schicht, bei der die Schichtdicke kleiner 
als die freie Weglange ist, andert sich der 
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I 
Widerstand durch die Querschnittanderuns 
nicht. \ 
Der Effekt beruht also auf eine Anderung 
der freien Weglange. In Analogie zur Mati 
thiessen’schen Regel bei Legierungen kant 
die wahre Elektronenbeanspruchung bei eine? 
diinnen Schicht sehr grob abschatzen. Massive 
Legierung und Oberflachenadsorption sing 
natiirlich nicht dasselbe, doch in dem Punkteé 
Ahnlich, daB jede freie Weglange von de? 
zusatzlichen Streuung beeinflu8t wird. D. 
Mmax ca. 1,10 Atome/cm? betragt, und dé 
auf ein Ni-Oberflachenatom 1 H-Atom komm 
2),12),22 werden ebenso viele Nickelatom auf! 
geladen. Man nimmt also an, da8 ebens 
viele zusatzlich geladene Gitterbausteine gleicll 
maRig verteilt sind. Die effektive geanderté 
Ladungszahl 4Z ist wie folgt abzuschatzen 
Bei Giltigkeit der Gleichung*?’ 

AR=Const (4Z)*n , (14) 
in der m der prozentuale Zusatz an Storatomert 
ist, betragt 4Z fiir Adsorption ca. 0,3, den 
die Widerstandsanderung bei einer Schichtdickeg 
von 50A betragt ca. 3%, und ein Zusatz von 1} 
Atom—¥% Cu eine Widerstandsanderung ergibt 
von 15% bei einer Ladungsdifferenz*?. Die 
Aufladung des Wasserstoffs ist somit nicht 
so stark. 
§ 5. 

1. Sehr saubere Ni-Schichten wurden i 
Ultrahochvakuum hergestellt. Die Wasser-' 
stoffadsorption wurde im Temperaturbereic 
von 77°K bis 373°K gemessen. 

2. Die Adsorption ist im wesentlichen ein. 
Oberflachenerscheinung, wenn die Adsorption} 
unter Zimmertemperatur stattfindet. 

3. Der elektrische widerstand wird bei deri 
Adsorption zunachst vergr6Rert. 

4. Bei tiefer Temperatur gibt es ein) 
Widerstandsmaximum und anschlieBend ein) 
Minumum, bei Zimmertemperatur nur ein 
Maximum. | 

5. Es findet anfanglich eine rasche irre-- 
versible Adsorption statt, danach eine langsame:? 
reversible Adsorption. ; 

6. Die Adsorption bei Zimmertemperatur! 
ist atomar, die bei tiefer Temperatur ist ein) 
Gemisch von atomarer und molekularer Ad- 
sorption. | 

7. Unter der Annahme, da8 bei atomarert 
Adsorption zwei Bindungstypen méglich sind, 
lassen sich alle komplizierten Erscheinungen: 


Zusammenfassung 


Ch 
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Elektronische Wechselwirhung Ni/H» 


und die Kinetik erkldren. 

8 Die Widerstandsanderung wird durch 
eine Storung des Leitungszustandes im Metall 
verursacht, d.h. durch eine Anderung des 
wirksamen Querschnittes oder Streuung der 
Elektronen. 

9. Die Polarisation des adsorbierten Wasser- 
stoffs ist verhaltnismaBig gering, obgleich der 
Effekt auf Elektronenleitung ausgepragt ist. 

Der Deutsche Akademische Austauschdienst 
und die Deutsche Forschungsgemeinschaft 
haben die Arbeit durch Stipendien unterschiitzt. 
Herrn Prof. Dr. R. Suhrmann mochte ich fiir 
die Anregung zu dieser Arbeit, die Bereits- 
tellung der ndtigen Mittel und die sorgfaltigen 
Diskussionen meinen herzlichen Dank ausspre- 


chen. 


Herr T. Ichimiya, der ein Stipendium 


ermoglichte, sei auch bestens gedankt. 
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It has been shown in the previous report that the bond orbital 
method gives the total energy of the molecule as the expanded power 


series of the overlap intégrals between the bond orbitals. 


It is here 


shown that the contribution of the third order terms of these overlap 
integrals, which are neglected hitherto, to the binding energy of the o 
bond is by no means negligible though smaller than that of the second 


order terms. 


In the case where the third order terms are taken into 


account, the validity of the additivity rule of the binding energies of the 


saturated hydrocarbons is discussed. 


Introduction 


§1. 


In the previous report!) we considered the 
binding energy of the saturated molecules 
with only o bonds, assuming that the total 
energy of these molecules can be obtained in 
good approximation if we take into account 
the terms up to the second order of the 
overlap integrals between orbitals involved 
in the different bonds. It is very difficult to 
discuss generally the contribution of the higher 
terms than the third order to the binding 
energy of the o bond. We here propose a 
method to discuss this problem with the use 
of the bond orbital method. In the bond 
orbital method the ground electronic state of 
the saturated molecule is expressed by a 
closed shall like structure, in which individual 
orbitals are filled with two electrons with the 
opposite spins. There arises no difference in 
the expectation value of the total energy 
whether we use, as bond orbitals, a set of 
nonorthogonal orbitals or that of the mutually 
orthogonal bond orbitals constructed by the 
linear combinations of the former orbitals. 
We follow the method of orthogonalization 
due to Landshoff and Loewdin.2) Then we 
can easily obtain the expression of the total 
energy of the molecule which takes into ac- 
count the higher order terms of the non- 
orthogononality between the different bonds. 
We shall particularly discuss the magnitude 
of the contribution of the third order terms 
to the binding energy of the saturated molecule. 


§2. The Bond Orbitals 
We consider a chemical bond A-B, which 


binds the atoms A and B in the saturated 
molecule. The bond orbital ta, which is in 
charge of the bond A-B, is given by a linear 
combination of 4; the atomic valence orbitals 
of the atom A anc ¢; that of the atom B, 
namely, 


= ye eet ao) : 


where Na=2?+y?+2AuSi;, 4 and mw are the 
parameters, and Si; is the overlap integral 
between the orbitals ¢; and ¢;. The electronic 
ground configuration of the molecule is given 
by 


(2.1) 


Ta)°Tp)*Ty)** + Tg)? . (2.2) 
We here exclude the lone-pair and core 
electrons, but even if we include them to the 
configuration (2.2), it is still valid that the 
electronic configuration is given by a closed 
shell like structure. We shall assume that 
the bond orbitals are orthogonal to the lone- 
pair and core orbitals. If it is not the case, 
we can follow the orthogonalization process 
to make the valence orbitals to be orthogonal 
to the core orbitals, as discussed in §2 of I. 
We here apply the Loewdin method of 
orthogonalization to the set of bond orbitals 
(2.2) to make them mutually orthogonal. Ac- 
cording to Loewdin, the relation between the 
column matrix of the orthogonal bond orbitals 
(c’) and the one of the non-orthogonal bond 
orbitals (tr) is given by 


(= (BED ey, (2.3) 


where 1 is the unit matrix, JT is the matrix 
constructed from the overlap integrals Tug 
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between the bond orbitals te and ts, and Tvw 
is assumed to be zero. As the state is given 
by a closed shell like structure the wave 
function constructed from the configuration 
(2.2) is the same as that from the configuration 


(2.4) 


and the electronic energry of the molecule 


Ta?)*tp°) ry)? + + 7g)? 


| obtained by the former function is the same 


as that by the latter one. 
The detailed form of the orthogonal bond 


orbital ta? is 


| 


: 5 
Teeciggepates Taney) bru 
il 3 
ss —Ta aes: a - 
: 13 amegneaid ag libg 
EE 
ete Ty TR TooTe)|ep ’ (2.5) 
Gist 7” 


where we neglect the terms of the higher 
than the fourth order in the powers of the 


overlap integrals, the subscripts denote the 


individual bonds and the summation is taken 
over all the constituent bonds. The total 
energy of the molecule is expressed as 


1. The zeroth order terms: 


Sy, E\(a@)= Sy (2laa+ Caa+2 > Cap) + oy 


2. The second order terms: 
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3 3 ZxZ, 

E=2 3 Ina+ DE CCap—Kes)+ DD 
a @ Bp (XY) XY 

(2.6) 


where 


Tx eathslilto | Fe"(D))rat(A)doy 
Cop =(calta?; tp°cp”) 
= \\ Fal(L)r9%(2)-tal(L)ep'2)dosdos 
and 
Kiap=(ta°tp? ;te°t a”) 
“= \| ra°(O)ep"(2)=—rp(O)ea! Q)dvidve . 


h(1) is a part of the total Hamiltonian which 
depends on only one electron, and we assumed 
all the orbitals to be real. The last term in 
Eq. (2.6) shows the nuclear repulsion. If we 
substitute the relation (2.5) into Eq. (2.6) and 
omit the terms higher than fourth order of 
the overlap integrals, we obtain an approxi- 
mate formula for the total energy. Based on 
the order of the overlap integrals we can 
devide the total energy as follows: 


ZxLy 


(xy) Rxry 


(2.7) 


> 


> Ex(ap)=2 > [Tap{Iao+ Ipp+Caat+Cap+3Capt2, oat (Cug+Cat)} 
(@B) (@B) aw, 


—2Tap(Tap+ Do «p+ De ap +2 2", Ce we) — Kap] , 


3. The third order terms: 


(2.8) 


>» Es(aby)=—4 > [Tap T py Tya{ Loot Ipe+ Lyy + Caw + Cop t+ Cyy 
(a@ BY) a BY) 


+3(Cap+Cpy+Cya) +2 {Cost Ceg+Cye)} 


— T py Tya(Tup + Da ap+ Dp wp + Dy ap +2 22 ay Dz ag) 


—TyoTug(Ipyt+ Da ,pyt+ Dp ey + Dy pyt+2 Py h Dz py) 


rag Tap T py ya sf Da ya ain Dz {Ye ar Dy {ye +2 ae 4 Dg ya) 


+ TupLy op + TpyLa py + TyaLp ya) . 


In the above expression, 


(2:9) 


Sin the zeroth order terms, >, in the second order terms, and 
@ (@B) 


> in the third order terms mean the summations over all the constituent bonds, over all 


(a BY) 


the pairs of the bonds, and over all the sets of three bonds, respectively, and 
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Tug=(talh|te) , Cop=(tate;Tptp) » 


Kap=(ctate;tats) , Da py=(tata;Tpry) , 
Lew py=(Catp;TaTy) : 

The discussion on the zeroth order and the 
second order terms in the preceding articles 
can of course be applied in the present case. 
In fact, it is easy to show the equivalence 
between Ao/4. in I and Eq. (2.7) and that 
between A>/4o—Ho42/40? in I and Eq. (2.8). 


§3. The Contribution of the Third Order 
Terms 


We compute the magnitude of the contri- 
bution of the third order terms Eq. (2.9) to 
the binding energy of the C-C bond in the 
diamond crystal. In this case, we can put 
A4=y=1 from the symmetry consideration of the 
bond. The structure diagram of the diamond 
crystal is shown schematically in Fig. 1. Eq. 
(2.9) consists of the summation over the sets 
of three bonds. We classify the various sets 
of three bonds in the diamond crystal into 
the following groups: 


D 
(BY 
8 
5! 
K 
C E 
ae e oy 
A B 
xe 
i Y 
F’ 
F 
Fig. 1. Schematical Diagram of the Diamond 
Crystal. Capital letters show the constituent 


atoms and Greek small letters denote the con- 
stituent bonds. 


1. (a, B,7), where a, 8 and x are the ad- 
jacent bonds with each other. 

2. (a, B, 6), where B is adjacent to both of 
a and 0, but 0 is the second nearest neigh- 
bouring bond to @ and locates at the gauche 
position for a. 

3. (a, 8,«), where @ and 8,8 and « are 
the adjacent bonds as in the preceding case, 
but «, the second nearest neighbour bond of 
a, locates at the trans position for a. 
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4. (a,7,«), where a and 7 are the adjacent 1 
bonds, and « is the second nearest neighbour- | 
ing bond for both of a and 7 and locates at | 
the trans position for a and at the gauche | 
position for 7. 

5. (a,7, 06’), where @ and 7 are the ad- 
jacent bonds, and 0’ is the second nearest 
neighbouring bond for both of @ and 7 and 
locates at the gauche position for both of a 
and ;. 

6. (a, 6,7), where a, 6 and 7 are the second 
nearest neighbouring bonds with each other. 

7. Other sets of three bonds. 

The sets of three bonds having the same 
geometrical structure give the same contri- 
bution to the binding energy of a bond. The 
total contribution of the third order terms to 
the binding energy of a bond is expressed as 
2E3(a@Br)+6E3(a@Bd)+3E3(aBr) 

+12E3(arr)+623(a70’)+2E3(ady), (8.1) 
where we neglect the contribution from the 
7th group. In the calculation of each term 
in Eq. (8.1), the values of the molecular 
integrals appearing in Eq. (2.9) are readily 
evaluated, as they are expressed as the linear 
combinations of the molecular integrals in- 
volving the atomic orbitals used already in 
the previous paper of this series. The values 
of many center energy integrals are estimated 
by an approximation like Mulliken’s one. In 
the evaluation of the value of E:(@By) of the 
first group, we take into account only the 
potential of the atoms A, B, C and F in Fig. 1. 
This corresponds to the assumption that the 
molecular integrals are approximated by the 
following formulae: ‘ 


1 
Cag (Caz + Cay), Dg ap (Da ap = Dy ap) . 


where & shows a bond other than a, 8, and 
vy, and te=($z+4y)/V20+S2r). This may 
not introduce any significant error in the 
calculation of the value of E;(aBy) because 
of the same reason as we have already given 
for the approximate validity of Mulliken’s 
approximation. The similar treatments have 
been applied to compute the values of the 
other terms in Eq. (3.1), that is, only the 
effect from the atoms in the set of the three 
bonds is considered explicitly and other atoms 
are assumed to be completely shielded by 
their valence electrons. The result of the 
computation is given in Table I. 


i 


| 


| 
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Table I. The Contribution 


of the « Bond. TV. 1635 


from Each Group (in eV). 


12Es(are) | 6Ex(a7d") | Total 


—0.83 | —0.59 


2Ex(abr) | E(B) | 3EAaBe) 


We neglect the contribution from the term 
 2E;(ady) of the sixth group, the magnitude 


| of which is estimated roughly as about 0.1 eV, 


namely about 1/8 of the first term. As the 
values of the overlap integrals between the 
bonds are: Tas0.1, Tos%0.05 and Tan 
—0.05, the order of magnitude of the contri- 
bution from each term is found roughly pro- 
portional to the product of the corresponding 
overlap integrals and the total number of the 
terms belonging to the same group, that is, 
2E3(aBy)~2CTapTpyTya, where C is a con- 
stant. It may, then, be resonable that the 
contribution from the second to fifth groups 
almost cancels out each other and the total 
contribution of the third order terms is roughly 
equal to the value of the term of the first 
group, as seen from Table I. The total con- 
tribution of the third order terms seems to be 
by no means negligibly small in the quantitative 
discussion of the binding energy of the C-C 
bond in the diamond crystal, but it is smaller 
than the total contribution of the second order 
terms, 3F2(a@8)+6E2(a6)+3E2(ar), the value 
of which is about 1.5eV, though there is an 
ambiguity in the treatment of the intra-atomic 
exchange integrals. If we assume that the 
atomic valence orbital ¢; is the eigenfunction 
of the Hartree-Fock type equation (5.8) of I, 
we obtain —0.47 eV as the value of 2E;(aB7). 
Furthermore it seems that Mulliken’s type 
approximation used for the calculation of the 
values of the many center energy integrals 
is rather crude for the case of the exchange 
type molecular integrals and gives compara- 
tively small values for these integrals, as seen 
from the application of this approximation to 
the two center energy integrals. The last 
three terms in Eq. (2.9) are almost determined 
by the three center energy integrals. Accord- 
ing to the above consideration it might be 
possible to obtain a smaller value as the total 
contribution of the third order terms than 
that given in Table I. Then it seems that 
the contribution of the third order terms does 
not play any essential role in the binding 
energy of the o bond. It may also be plausi- 
ble to assume that the contribution of the 


+0.73 | —0.42 | —0.67 


fourth order terms is smaller than that of 
the third order terms and can be neglected. 


§4. Consideration on the Additivity Rule 


In the preceding section we have found 
that the contribution of the third order terms 
to the binding energy of the C-C bond is 
rather small and the fourth order terms may 
be completely neglected. We shall show that 
the additivity rule in the binding energies of 
the saturated hydrocarbons is valid under 
some assumptions even if the third order 
terms cannot be neglected. Usually we define 
the bond energy of a C-H bond as one fourth 
of the total energy of methane. In terms of 
Eq. (2.7)-(2.9), it can be expressed as 


D(CH)=Ex(a) +5 Flas) 


PB asp +4(ES—Ee) cd wld 


where a, B and y are the nearest neighbouring 
C-H bond with each other and Eg—Ez is the 
promotional energy in the free carbon atom. 
It is not necessary to consider the promotional 
energy for the hydrogen atoms. If we can- 
not neglect the second and third order terms 
in Eq. (4.1), the bond energy of a C-H bond 
is not determined soley by the quantities of 
the bond itself but involves the interaction 
energies between the bonds. The values of 
the second and third order terms are, how- 
ever, rather small and approximately deter- 
mined by the values of the overlap integrals 
between the bond orbitals. The overlap inte- 
gral Tae has an almost equal value in either 
case where the nearest neighbouring bonds 
are C-H or C-C. Then we shall assume that 
the values of E:(a@8) and E:(@By) in the 
methane are equal to those of E:(@’f’) and 
E;(a’B’y’) in the diamond if (#8) and (a’’), 
and (afr) and (a’f’y’) belong to the same 
geometrical group, in the sense explained 
above, respectively. Furthermore, each term 
in Eq. (4.1) contains the contribution from 
the potential of the whole molecule, but the 
potential of the remote atoms is not so im- 
portant as the C-H bond is expected to be 
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approximately homopolar. If we can ignore 
in Eq. (4.1) the difference between the cor- 
responding quantities in the second and third 
order terms of the C-H and C-C bonds, the 
bond energy of a C-C bond can be calculated 
using the quantities defined for the ethane as 


D(CC) = E(B) +3 E2(a@B)+6E2(ad) +3 E2(ar) 
+2E3(aBy)+6Es(@B0) +3E3(aBe) 


+12E3(arr)+6E3(a7 0") + yi — Ec), 


(4.2) 


where 8 denotes the C-C bond and the others 
represent the C-H bonds. The notation of 
the bond a, B,7-:: is the same as that ex- 
plained in the preceding section, and so the 
geometrical relation among the bonds in the 
individual terms of Eq. (4.2) can be under- 
stood easily. There are two kinds of overlap 
integrals between the orbitals involved in the 
second nearest neighbouring bonds. The value 
of the overlap integral between the orbitals 
of the bonds locating at the gauche position 
with each other is almost equal in magnitude 
to that between the orbitals of the bonds locat- 
ing at the trans position with each other, but 
they have the opposite sign, so that the total 
effect of the second neighbouring bonds to 
the third order term may be small enough to be 
neglected. This has been shown for the C-C 
bond of the diamond crystal in the preceding 
section. This may be the case even if we 
take into account the third nearest or more 
remote neighbouring bonds in the third order 
terms. Furthermore, the overlap integrals 
between the orbitals of the third nearest or 
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more remote neighbouring bonds are exceed- : 
Then we may be allowed to | 


ingly small. 


neglect their effect. Though each term of 


Eq. (4.2) involves the potential of the whole | 


molecule, it depends mainly, as discussed in 
§3 of II, on the potential of the atoms which 


are connected by the bond orbitals involved — 
The values © 
of the second and third order terms seem to | 
be roughly determined by the product of the 
overlap integrals considered in the term, for 


in the term under consideration. 


example, we may put approximately E:(a@f7) 
=CTapTsyTya, as shown in the preceding 
section. The value of the overlap integral 
Tag between the bond orbitals ta and Tg is 
almost equal in any case where the bond 
orbitals are responsible for the C-H or the 
C-C bonds. If we assume that the value of 
each term in Eq. (4.2) is equal to that in the 
diamond crystal, we can calculate the binding 
energy of a C-C bond in the diamond from 
the total binding energies of propane, butane 
and so on. 

Although the above discussion involves a 
serious assumption, it can be expected that 
the additivity rule in the binding energies of 
the saturated hydrocarbons is valid, even if 
we take the non-orthognality between the 
bond orbitals into account. Even if we re- 
cognize the difference between the C-H and 
C-C bonds in the second and third order 
terms, we can show that the additivity rule 
is asymptotically valid in the long chain mole- 
cule of saturated hydrocarbon, if we use the 
appropriate definitions of the C-H and C-—C 
bond energies which are expressed as 


D(CH) =Di(CH) + Eula) +2E:(a@B)+Ex(aBr) , 


D(CC) = Do(CC) +2E2(aB) + Ex(aB) +2E.(ad) +4E x(a) 


(4.3) 


+2E2(ax) + Ex(ak)+2E3(aBy)+2Es(aBd) +4Es(aBd)+2Es(aBr) 
+ Es(aBre)+4Es(aye) +4Ex(aye) +4 Es(are) +2Es(azo’) +4Es(ayd’) , 


where D(CH) and D(CC) are the zeroth 
order bond energies of the C-H and C-C 
bonds, respectively, the superscript bar means 
the C-H bond orbitals and the others re- 
present the C-C bond orbitals. 


§5. Discussion 


In this article, we used the bond orbital 
method to describe the electronic state of the 


saturated molecule and made the bond orbitals 
to be orthogonal with each other by Loewdin’s 
method. In this method the operator (1+ 7)-1/2 
is defined by a power series of the overlap 
integrals and the condition for the convergence 


of the series is 
| 2 Tog|<1. (Do. 


In our case, as it is found that 


\| 
| 
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| x Tog 1 ; (5.2) 


we cannot expect the rapid convergence of 
the power series. Schmid?) also calculated 
the cohesive energy of the diamond crystal 
by the use of the orthogonalized atomic orbit- 
als obtained by Loewdin’s method, but in this 
case Loewdins method may be unable to be ap- 
plied because the condition (5.1) does not tiold 
at all. Under the assumption that the exchange 
integral Kag between the bond orbitals ra and 
ts is a quantity of the order of 1%, , we rear- 
ranged the terms in the expanded series, taking 
account of the order of magnitude of the over- 
lap integral between the bond orbitals, and 
obtained the result that the contribution of 
the third order terms is smaller than that of 
the second order terms and may not play any 
essential role in the discussion of the binding 
energy of the o bond, though it may be by 
no means negligible quantitatively. Niira* 
reported that if the total energy of the methane 
is expanded in the same way as that in this 
article, the convergence of series is not so 
simply discussed. However, his calculation 
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showed that the total energy is given in good 
approximation by the terms up to the second 
order of the overlap integrals. The same was 
reported by Lundaqvist,») who calculated the 
cohesive energy of LiH by the use of Loewdin’s 
method, though the expanded power series 
for (1+7)- diverges. We should like to 
receall here Nukasawa’s discussion® on the 
higher order terms, which was already cited 
in §6 of I. The fundamental formula in his 
discussion is written in the previous notation 
as 
Ex (Ap) 
Tee 
where the summation Pay extends over the 
pairs of bonds (a@), (87) Fad (ya). He showed 
that it may be sufficient to consider the terms 
up to the second order in the calculation of 
the total energy, if the relations analogous to 
Eq. (5.3) still hold for the terms higher than 
the third order and the overlap integrals under 
consideration are sufficiently small. It is easily 
shown from Eqs. (2.8) and (2.9) that the con- 
dition for the validity of Eq. (5.3) is 


E3(a@Br)=—TapTpyTyo > (5.3) 
Om 


Tap T py Tya(Cag = Cey ap Cya) im 2( Tpy TyaD, 0B aa Tyo Tap Da fe) ap Tap TpyDe ya) 


See Tye Kap a TyalT op Key ty) Tap Tey Ky 
Tye 


Tag Ts By 


which holds approximately for the actual 
values of the molecular integrals given in § 3. 
In our previous calculation of the C-C bond 
of the diamond crystal it was shown that the 
effect of the non-orthogonality between the 
orbitals of the second nearest neighbouring 
bonds is not significant to the binding energy 
of the o bond. Then, the discussion due to 
Nukasawa is applicable to our system and we 
may conclude that the approximate value of 
the binding energy of the o bond is obtained 
if we stop at the second order terms with 
respect to the overlap integrals between the 
orbitals of the adjacent bonds, in other words, 
most of the terms higher than the third order 
is considered to be included effectively in the 
second order terms by the use of the relations 
analogous to Eq. (5.3). However, if we con- 
sider the approximations assumed in Nuka- 
sawa’s theory, the error of the value of the 
binding energy of the o bond which is calcu- 
lated in the second order approximation of 
the overlap integrals between the bond orbitals 


w)+2(TapL 06+ ToyLa,er-+ Tyalp yo) =0 ? (5.4) 


may be comparable to the contribution of the 
third order term given in this article. 
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thanks to Professor K. Niira for his incessant 
encouragement and for his kind reading of 
the manuscript and to Professor E. Ishiguro 
for his valuable suggestions. The author is 
indebted to the Ministry of Education for 
this research grant. 
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The Dipole Moment and End-to-end Length of the Isotactic 
Vinyl Polymer, II. 


A Special Simplified Model and Numerical Calculations 
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Otsu Senior High School, Otsu, Shiga-ken, Japan 
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In the preceding paper!), fundamental formulas for <y2>o, <R%>0, <u2> 
and <R2> are derived. In the present paper, these formulas are brought 
into the more convenient forms for numerical calculations, and the 
square well potential of internal rotation of polymer and a linear function 
y'(v) are introduced. The results of calculations explain that <p2>/npo? 
must be 0.3~1.0 when effective bond length is 5~10A. These values 
agree satisfactory with experimental data. 


§1. Matrix Elements 


Principal results of the preceding paper") 


are collected below: — 


0 
Gas 1+2(0 0 NYT X(1—X)- v0 
Ll 
ioe 
a= (00 1)44+Z)(1—X)-'(1+Z’) | 0 
0 
lt 
pe» i ) 
Neo” =e 1—P No” ‘ 
<R*»> = prSkio 
N be? Nobo? 
and 
Nbv? 
(Zl 
(1+@) CR,’ 


where we use the notations 


X=(D(¢’)D(¢g)> , 


x=Co(e-2)>, 


Z=(D(¢)> 
and 


=(D(¢’)> . 


nS) 


(4) 


(5) 


(6) 
(7) 


(8) 


(9) 


Therefore we must calculate the elements of 
these matrices (6)~(9). The (1, 1)-element 


of X is given by 
X1=—acsin gy’ sin %> 
+a’<cos gy’ cos g>+ B%<cos y’> . 


In order to write such formula simply, we 


introduce the following abbreviations: — 


<s’s>=<sin g’ sin g> , 
<s’c>=<sin g’ cos g> , 
(s>=<sin 9”) , 
<c’s>=<cos g’ sing , 
<c’c> =<cos g’ COS g> , (10) 
Ke’>=<cos 9’) , 
(s>=<sin 9) , 
and 
<c>=<COS Y> . 
If we put 
Xir X12 Xis 
X=} Xa X22 Xos |, (11) 
Son tant eee ste 
we can write down the following formulas: — 
Xiu=—ads’/s>+aXc’o>+B%c’» , 
X12=—<s'e)—axc'S) , 
Xis=B{S'S) tac’ >—<c'e>)} 
X21 =acc’s>+a2s’c>+ BXs’> , x 
X2=<c’o>—axs’s> , (12) 
X= — PXe's) Fars’) Ks) 
Xs1=aB(1—<c>) , 
Xs2=B¢S> , 
Xss=a?+B%c> . 


We denote the cofactor matrix of (1—X) by 
A, namely, 


Au Ate Ais 
Aa A2e Ags ? 
Ast Ase Ass 

(13) 


where |1—X| is the determinant of (1—xX), 
and 


t= 


[1—-X| |1—X| 
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1X: —Xi2 —Xi3 
|1—X|= —Xo 1—Xo2 — Xo (14) 
—Xsi —Xse 1—Xse 
Then the relation 
A 
X—X)t=——~—-1 
(1—X)- 1x (15) 


is easily verified. 


Although the matrix Y has nine elements, 


‘we need to know only its third column ele- 
ments, which are denoted by Bi, Bs, Bs re- 
'spectively, and abbreviated to the one column 
/matrix B, namely, 
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(17) 


Bs=a@ 5 
We also need the third row elements of 


(1+Z), and the third column elements of 
(1+Z’). They are given by 
(0 0 1)\1+Z)=(8, 0, 1+a@) (18) 
and 
fs OA Bie> 
(1+Z’) | | Ks’ (19) 
il L We eee 


4 | Substitution of (15) and (16) in Eq. (1) yields 
Y| 0 |=| B. | =B, (16) Cu 
wo 2BT AB 
i == Jl 2B1B , 20 
1 Bs | Npo? its phe. 2 ( ) 
where where 
BT AB=B.?Ai: + Bo? A22 + Bs?A33+ BeBs(Ao3 + Ase) + BsBi(Asi + Ais) + BiBo(Aie+ Aci) (21) 
and 
BT B=B,?+B.?+B:? . (CZ; 
While the substitution of (13), (18) and (19) in Eq. (2) yields 
CR?» A 
SS = +(1+a@)A 
Nb? me = —— [Bc >{BAu at} 
+Bis’>{BAwt(1+a@)As}+(1+a){BAi+(1+a)Azs}] . (23) 


Bs the details of the determinant |1—X| and elements of the matrix A are needed. They 


are collected below: — 


\1—X| =67[(1—<c’))(1—<c))(1—c’c) + (1c) <s)e’s> + (I C>)8">8’C) — (S)<8<8'S) 
+a{(l—<c’>)(1—<e>)<s’s>) +1 —<c")<8<8’e> 


+(1—<c)>)<s’><c’s>— (1—<c’e))<8><8> 


Au=6{(1—<c>)(1—<c’e>) +<s><c's) + (1-8) HOSOI 5 
Aiw=—B*[(1—<c)s’c)—<sX8's> + a{(1—<c))<c’s>— (Ke — KC’) SPH] 5 


Ais=B[(1—<c’c>)<s’s> +<8’><C'S> 


+a{(1—<c’c>)(Ke’»—<c’c>) +<8’8)? +<c’s)? + (KSC) — (SKS F 
+at{(<c’>)—<c’c>)<s’s> + (Xs) —<8"))KC'S) HI 


An=h(1-©))s? , 
Az=B(1—<c>)(1—<e)) , 


An=—BI(1—<c’))<c’s) — <s’8’s) ta{(1—<c’))Xs’e)—(1—-<e’e) XS} , 


Au=B[<s’><s> +a{(1—<c>)(1—<e’e>) +<8XC'S) } 


(25) 


+ar{(1—<c>)<s’s> + (se) —<8>KS) FI 
An=B[(1—<c’>)<s) —a{(1—<c>)X8’c> —<8)<8'S)} 
—a®{(1—<c))<c’s» — (Ke) —Ke’&))XS> }] » 


and 
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Ass=(1—<c’>)(1—<c’c>) +<8’><8’C> 
+ a{(2—<c’)—<c’c))X8’s) + (K8’C) +<8))XC'S)} 
+a{(1—<c’e>)(Kc’) —<e’c>) + 48's)? + c's)? + (K8’e) —<8))X8'C)} 
+ a®{(<c’»—<c’c))<8’s) + (K8’C>— <8") KC'S)} . 


It is remarked that we can easily verify 
atch: jaw a 
Ame Cpa sea (B <s ><s> ae Aut) ’ 


and 


BAw+(1+a)As= "5% (B41 —<c>)¢8) + Aus} 


from (25). Then Eq. (23) becomes 


Rt = TE Lancs’ Autds’>Ai+BAit(1+a)Ass] . 26) 
Nobo? 1x <s’>¢s) +c’ Aur +¢s’> Are + BAis t+ (1+@) Ass] 


If the rotation of each bond were to be independent of the others, we would replace <s’s>, 
<s’c), <c’s), <c’c> by <s’><s>, «80>, <c><s>, <c<e> respectively, and would reduce (26) te 


CRo _ Fal +2¢s sp —KeO)) + 6S DERE KS KO a 
Noe =<(—af{d—( ag Eko) — (Ke 0 =e FSO ae 5 


(27) 


In this paper, however, we have no regard for the independent bond rotation. Eq. (27) has | 
been derived by Nagai”). 


§2. Potential of Internal Rotation 


Since the method of numerical calculations in this paper is quite primitive, it is disirable 
that assumptions concerning with the internal rotation are as simple as possible. In the 
preceding paper”, two notations g and ¢’ are introduced in order to represent the rotations 


of adjoining bonds. In the present paper, we put two assumptions for g and ¢g’. First a 
linear function 


7 2 
o =ho + (28) 
is assumed, where 4 is a constant, and the constant term 27/3 corresponds to g’(0)=2z/3, 


which conforms with the assumption in the preceding paper. On the other hand, a square 
well potential V defined by 


V=0 (when 0<|g|<6&) ) 

=co (when |g| > 6) J Si 
is assumed for the internal rotation, where € is a parameter which varies with some condi- 
tions, that is, temperature, interaction between polymer and solvent, etc. The first assump- 
tion (28) means an imagination that two kinds of potential widths, 2€ and 2|A4|€, may alter- 
nate in the polymer chain, since the asymmetric carbon atoms appear every two bonds in 
the chain. The second assumption (29) defines the mean of any physical quantity &, namely, 


” £Eexp(—V/kTdo 


che , 
oc Ea rr =5¢\ 40. (30) 


nF 
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For example, we have 
7 1 : : 2x S 
s>=— ee 
<s’s) 3a)_, Sin (40 + 3) sin ede , 
Some of such means are collected below: — 
y 1 (sinQl@—A)Eé __ sin (1+) 2x 
<s’s>= = 
Peis Gene a3 
; 1 (sin(l—AE , sin(l+4E) . 2x 
<s’c)= 
Pl IE DE (1+A6 } sin 3° 
POmsinAGi 27 
S = ——_. =a 
Se he Meets 
; 1 (sin(l—A)E_— sin(1+A)E) . 2x 
<c’s)=— e — | 
PT o 1 TIDE Gia jo" 3° 
; 1 (sin(l—A)E  sin(1+d)é Qn 
CoS 
ees: diets (+26 | cos ae 
<eyain ig a bs (31) 
<s>=0, 
sine 
COS € , 
in AE 
B, = 92 
Pe 
B.=0 
and 
B=a@ b 
Here we consider three typical cases, name- The results are collected in Table I. 
ly, 4=0, 1, —1. If 24=0, two adjoining bonds 
compose a rigid segment holding asymmetric Table I. 
carbon atom and dipolar substituent between ie 
F ; : A=0 Al A=—1 
them, and the rotation is possible only at _ Lees £3 
joints of segments. IPO oO visean’ in- cae AO _ta_ sf) la_p, 
creasing function of g, but the scale of rota- 4 4 
tion in a segment is smaller than that of a és'c> | by, 1) aie PA acices fy 
whole segment. The assumption 0<’4<1 is 2 . a 4 
equivalent to the imagination that a relaxation és!> v3 v3 rs V3 fi 
effect may exist between excitation g and 2 B Ex: 
response y’. If 24=1, the scale of rotation in gg. 9g SYSigg_ oA cided G Ip) 
a segment is the same order as that of a 4 4 
whole segment. If 24<0, g’ is a decreasing <c'e> Shi ~ 7+ fa) J+A) 
function of g, and it may be shown after ; ; ; 
numerical calculations that the case 2=-1 <> = —| oft are? 
cannot explain the experimental data. <s> 0 0 0 
We substitute 24=0, 1, —1 one after another <c> fi vi 7% 
in (31), and put the notations By ) Bhi Bfi 
Bz 0 0 0 
i 2€ 
fae Ate Olea ore a a 
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§3. Numerical Calculations and Conclusions 


The first step of our numerical calculations is to deal with the quantities for the unper- 


turbed configuration, i.e., <#°>o/nyo? and <R?>o/Nbo?. If we substitute the formulas of Table > 


I in (24), (21) and (22) and make use of the values 


ie eg ae (33) 


then we have the following relations. 


zr=0: 
se xi=pd fe) 
(34) 
BTAB=-0-Si —fi%) , 
BTB=1. 
A=15 
H—Xi= 2 1-f 9+ U+2A)6+4/9) 
BTAB =—-[81+{11+16fi:—4(1—fs) }(5 +4) 
972 (35) 
—32 fi{(1—fe)(5+4f2) —3(1—f1)(2 + fe) } ; 
+128 F201 —f(7+2F0)) , ss 
BTB=— (1+ 8f1") . 
A=-—l: 
1x =F AN9+A+2A)(0+2/9) 
BTAB =s5l8l +{11 416 f, +211 —fa) (7 + 2h) 
(36) 
+16f1:{(1—f2)(7 +2 f2) +3(1—fi)(5 +f2)} & 


+128 f:7(1—fi)(8+f2)] , 
BTB=—(1+8/1) 


Then we can calculate the values of <”>o/m/o? according to the formula (20) as the func- 
tion of € within the interval 


The results are given in Table II. 


On the other hand, we have the following relations by the use of (26) and Table I, and 
refering (33). 


A=0: 
CR) __ 40. +f +f?) (38) 


Nobo? 3(1—f) 
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A— 1° 
CR 0 _ 2{274+(14+4 fi? +4f)54+4f2)} (39) 
Nb? 301A 9+ +2f)6+4f2)} | | 
A=—1 
(Ro _ 2{27-+(7+-4 fi? —-2 fo)(7 +2 fo) } | (40) 
Noe  30—f {9+ 42f742fo)° | 
Table II. 2>0/nmo2- 
<p2>0/N 0 (H), 
€ | A=0 A=1 ea | nH 
4 = : =e 10 
0 ro) co co 
0.2 yaa 36.5 37.9 ° 
0.4 9.31 8.67 10.10 : 
0.6 4.132 3.609 4.955 
0.8 2.316 1.953 3.187 7 
1.0 1.484 1.303 2.405 
| 12 1.042 1.048 2.005 : 
1.4 0.785 0.968 1.779 ‘ 
1.6 0.628 0.966 1.638 
1.8 0.531 0.990 1.538 : 
, 2.0 0.474 1.017 1.458 y 
22 0.444 1.035 1.385 
2.4 0.433 1.043 1.314 2 
2.6 0.438 1.041 1.246 
2.8 0.454 1.033 1.179 SP aenss tine ave 
3.0 0.479 1.019 1.117 ; 
a 0.500 1.008 1.076 , : 3 


= Fig. 1. Plots of <p2>o/nuo? against ¢. 


| 
| 
| 
| 


¢ | = <2=0 it = Be 
oO oo oo oo 
0.2 | 297 296 299 
0.4 | 74.5 72.6 76.5 
0.6 | 32.98 31.13 34.94 
0.8 18.38 16.67 20.34 
1.0 °°" |) 11-65 10.098 13.58 
if. SUSHI G9 6.640 9.906 
peed ds) 4.663 7.691 
3 he 4.407 3.472 6.257 
1.8 3.457 2.731 5.281 
2.0 2.792 2.254 4.594 
2 2.316 1.941 4.102 
2.4 1.970 1.736 3.747 
2.6 1.718 1.608 3.495 
2.8 1.534 1.539 3.323 
3.0 1.402 1.518 3.213 
“ | ; ae 1,524 SelGs Fig. 2. Plots of <R2>o/Nbo? against «. 
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Then we can calculate the values of these 
quantities within the interval (37), and have 
Table III. 

According to these Tables, ¢#?>o/mo? and 
<R?>/Nbo? are plotted against € in Figs. 1 
and 2, respectively. 

Here we define the effective bond length b’ 
by 

bo =(KRY>/N)'? , (41) 
and that corresponding to the unperturbed 
configuration bo’ by - 


bo’ =(KR*)o/N)'? . (42) 
It is reported experimentally that 
<i >|/npo? =0.3~0.8 (43)3).# 
and 
b’=5~11 [A] . (44)5),6) 


The unperturbed configuration cannot ex- 
plain these experimental values according to 
the reason described below. If we put do’ 
=9[A] and &=1.54[A], we have <R?)o/Nbo? 
=34 which corresponds to 60.6 in Table III. 
While, in Table II, the same €&-value corres- 
ponds to <4?>0/nf24 which confricts the ex- 
perimental value (43). This disagreement is 
common to each case 4=0, 1, —1. However, 
the above disagreement is rather natural in 
the case in which the parameter p concerning 
with the excluded volume effect is not consi- 
dered. 

Now we take the second step of numerical 


Table IV. <y2>/npuo? for o?=2. 


¢ ee ae I= 2A 
0 [ge co oo 

H2 | 733 72.1 75.1 

pig 4) | > 8 16.5 19.4 

0.6 sf 72306 6.335 9.067 
De al 32785 2.989 5.527 
1.0 2.031 1.652 3.962 
1.2 1.092 1.107 3.166 
Wy 0.505 0.924 2.722 
1.6 0.094 0.910 2.449 
1.8 —0.205 0.971 2.259 
2.0 0.533 1.058 2.102 
2.2 —0.867 1.147 1.954 
Bide) aR 80 1,228 1.803 
2.6 —2.076 1.285 1.643 
2.8 ~3.72A 1.278 1.479 
3.0 10c45 1.177 1.317 
fe ae 1.071 1.208 
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calculations. The preceding step is equivalent - 
to set the value p=1, but we consider p>1 
in the present step. Let us put 0?=2 asa ] 
test case and calculate the values of <R?>/ | 
Nobo? and <#2>/nyo? from (3), (4) and (5). We | 
neglect the insertion of the former values, | 
because they are easily got by doubling each 
value of Table III. The latter values are | 
shown in Table IV, and plotted against € in- 
Bigars: 


Fig. 3. Plots of <y?>/npo? against ¢ for o?=2. 
From this result, we have two suggestions. 
In the first place, the internal rotation cor- 
responding to A=—1 may be neglected, be- 
cause <u?>/no? is in this case always larger 
than 1 contrary to the experimental value 
(43). The second suggestion originates from 
the fact that <?>/nmo? in the case 24=0 is 
negative within the interval 1.7<&<z, and 
—co at E=nx. Of course, the negative value 
of <*> is impossible, then the internal rota- 
tion of the rigid segment is limited within 
the interval 0<&<1.7. In general, it is con- 
ceived that the free rotation of the rigid seg- 
ment may bring a confrict saying that a kind 
of mean square quantity becomes negative 
as <“”> in this paper. 
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Table V. Calculated values at ¢=1.3 (74°29’) 


0 b/[A] <u?>/npeo? 
A=0 A=1 A4=0 A=1 
1 4.01 3.62 0.897 0.993 
2 5.67 5.11 0.769 0.984 
4 8.02 7.24 0.512 0.966 
a6 | )6(9.83 8.86 | 0.256 0.948 


Therefore we conclude that we should 
adopt 4220 and 1.2<&<1.4 in order to explain 
the experimental value (43). 

We have discussed above the test case of 
'p°=2, which brings to us some suggestions. 
-Then we put on the next trial 


A= (rel Ge ee Osea nA 6 


and calculate <2>/no? and effective bond 
‘length b’. The results are shown in Table V, 
where b)=1.54[A] is used. In this Table, 


ealues of the row of o?=1 are calculated 


from Tables II and III by the interporation 
at €=1.3, and values of other rows are cal- 
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culated from the row of o?=1 and the 
formulas (4), (5) and (8). 

Now, Table V indicates to us that the ex- 
perimental values (43) and (44) may be simul- 
taneously interpreted by making choice of A 
=0~1, p? =2~6 and &1.3. 

On the other hand, it is also remarked 
that the €-value 1.3 is nearly the minimum 
point of <“?>/no2 in the case of A211. 

The author wishes to express his thanks to 
Mr. K. Shindd of Shiga University for his 
kind discussions and constant encouragement. 
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The Superexchange Interaction between Crt? pair 
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The investigation of the magnetic properties of chromium bi-nuclear 
complex compounds was made. The results of the magnetic susceptibility 
measurements were analyzed on the assumption that their magnetic 
behaviours are determined mainly by the superexchange interaction 
between two Cr+ ions in the same complex unit. The coefficient of 
the superexchange interaction J was estimated to be about —30k in the 
cases of [(NH,);Cr-OH-Cr(NH;);]+® and [(NHg);Cr-OH-Cr(NH,),OH]** 
complex ions. In the case of [(NH3;);Cr-O-Cr(NHs3),]*4, the susceptibility 
is very small below room temperature, hence a large absolute value of 
J is required to account for the experimental result. The susceptibility 
of [Cr(NH;);Cl]Cl, which is a usual mononuclear complex salt, was 
measured for the sake of comparison with the abcve mentioned bi-nuclear 


complex salts. 


constant 0 is 


$1. Introduction 


The structures and the magnetic and optical 
properties of the bi-nuclear complex compounds 
of chromium were investigated by Wilmarth, 
Graff and Gustin® and by Mori, Ueshiba and 
Yamatera®. In these compounds, two chro- 
mium ions in a complex unit have the oxygen 
or hydroxyl bridge between them. The spins 
of the two Cr**® ions will interact through the 
brige. This may be regarded as a type of 
the superexchange interaction. On the other 
hand, the interaction between the spins of 
Cr*® ions belonging to the different complex 
units, will be much weaker than the interac- 
tion between those in the same complex unit. 
Thus, the magnetic properties of these com- 
pounds are considered to be predominantly 
determined by the interaction between a couple 
of ions through the bridge in each complex 
unit. The situation resembles in some 
respects the case of copper acetate‘? which 
is a sort of bi-nucler complex compound of 
Cu*? ions. In the latter case the magnetic 
properties are considered to be determined by 
the direct mutual interaction of two Cut? ions 


The susceptibility obeys in this case the Curie-Weiss 
law in the range between 2.5°K and room temperature. 
—0.8°K+0.1°K and the Curie constant C is 1.82. The 
X-ray powder patterns of these complexes were taken and examined in 
comparison with the magnetic properties. 


The Weiss 


in a complex unit. Welo® in 1928 and. 
Gijsman, Karantassis and Wucher‘? in 1954 
measured the magnetic susceptibilities of some | 
trinuclear complex compounds of Cr+? and 
Fe**, Kambe® estimated the magnitude of 
the mutual interaction between Crt* and Fe*® 
ions by analysing the Welo’s results. The 
Hamiltonian used was, #=—2/][(SiS:2)+(S_S3) 
+a(S3Si)] in which S:, S, and S; were the 
spins of the three magnetic ions in one 
complex unit. The values of J consistent 
with the experimental results were -14k<¢J<- 
18k assuming a=1. 

Bi-nuclear complex ions of chromium in- 
vestigated in the present work are as follows: 


{(NH3)sCr-OH-Cr(NHs)5]*>- - - - - - - (A) 
[(NH3);Cr-OH-Cr(NHs3),OH]** - - - - (B) 
and [(NH3);Cr-O-Cr(NHs)5]*4 - - - - - - - - (C)., 


The bridges in the complex units are expected 
to be almost linear in the former two com- 
plexes and definitely linear in the last one. 
The purpose of the present investigation is to 
obtain information about the superexchange 
interaction through these bridges. 
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§2. Experiments 
The measurements of the magnetic suscep- 


tibility were carried out by the Hartshorn 
bridge method. The a.c. frequency used was 


|90 cycles per sec. and the strength of the 


/magnetic field in the measuring coil was 20~ 
100 Oe. 


The measurements were made in the 
temperature range down to 1.5°K. As the 
samples are unstable in light and moisture, 


| special care was taken to avoid them. The 


measuring apparatus used is capable to detect 


the susceptibility of a sample of 1g which 
has 


Of" "P10 
accuracy of +1%. 


the gram 
(c.g.s.e.m.u.) in 


susceptibility 
the 


However the accuracies on the whole in the 


present experiments were about +3% below 
20.4°K and about +10% above 20.4°K. 


' Samples 


[CN H3)sCr-OH-Cr(NHs)s]2Cls(ClOz),H2O (De- 
cammine-y-ol-dichromium (III) chloride per- 
chlorate) (A) 

This salt was prepared by precipitation 
with perchloric acid from aqueous solution 
of decammine-y-ol-dichromium (III) chloride 
which was prepared using Jérgensen’s procedu- 
re. The salt precipitates in the form of 
needle crystal of rose colour. The colour 
changes into pale purple light and moisture. 

[(NH3)sCr-OH-Cr(NH3),OHJCL.H:0 (Hydro- 
xononammine-y-ol-dichromium (III) chloride 
l-hydrate) (B) 

This salt was prepared according to the 
direction of Jérgensen for the preparation of 
erythrochromium (III) chloride. The dark red 
complex salt thus prepared contained nine 
moles of ammonia per each pair of two 
chromium atoms, in accordance with the 
observation of Wilmarth et al.. This salt 
also turns violet in light and moisture. 

[(NHs)sCr-O-Cr(NHs3)s](C1O,), (Decammine-/ 
—oxo-dichromium (IJI) perchlorate) (C) 

This salt was prepared by the reaction of 
(A) with ammonia sodium perchlorate solution. 


The colour of this sample is deep blue, but 


it becomes blue if it is dried after washing 
with ether. The colour changes into red 
purple in light and moisture. 

[Cr(NHg);ClJCl, | (Chloropentamminechromi- 
um (III) chloride) 

This salt was prepared by boiling a mixture 
of hexamminechromium (III) chloride and 
hydrochloric acid for 30 min.. The crude 
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chloride thus obtained was dissolved in water 
and recrystallized by adding hydrochloric 
acide. The bright red chloride was washed 
with ethanol and dried in air. 
Magnetic Susceptibility 

Complex compounds A and B. The magnetic 
susceptibilities of these complex compounds 
%.u* are shown in Fig. 1. The values are 
corrected for small amount of impurity and 
diamagnetism™**, The susceptibilities in the 
room temperature range obey the Curie-Weiss 
law with 6=—30°K and the Curie constant 
C is consistent with the spin value S=3/2 of 


(c.g.s.e.m.u) 


300 


200 
(°K) 


100 
Temperature 
Fig. 1. Magnetic susceptibilities. 
O:{((NH3),;CrOHCr(NHs);)Cl;.s(C1O4)3.5+ 24 H.O}, 
= :€(NH;);CrOHCr(NH3),0H)CI1,-H.0. 


a Cr*® ion. The susceptibilities of these two 
salts have their maximum values at about 
50°K and have very small values at liquid 
helium temperatures. 

Complex compound C. The magnetic 
susceptibilities of this salt, x: were 0.0010 
(+0.0001) (c.g.s.e.m.u.) between 14.5°K and 
20.4°K, 0.0010 (--0.0001) (c.g.s.e.m.u.) at 80°K, 
0.0010 (+0.0001) (c.g.s.e.m.u.) at 105°K and 
0.0020 (+0.0002) (c.g.s.e.m.u.) at 290°K. Any 
remarkable hump of susceptibility could not 
be detected between 105°K and 290°K. This 
complex compound is decomposed above the 


* The symbol X:% used here for bi-nuclear 
complex compounds stands for the value for one 
mole of complex compound, which contains two 
gram ions of Cr+. 

** The following values multiplied by ~1x10~° 
were used for the calculstion of the diamagnetic 
molar susceptibilities. Cl-:25, ClO,-:33, Cr+*:15, 
H,0:13, NH,:1.1, -O-:5, and OH-, -OH-:9. 
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room temperature by warming up even in 
the dark place and the decomposed sample 
shows a normal paramagnetic susceptibility. 

[Cr(NHs)sCl]Cle. The molar magnetic 
susceptibility of this salt yz is shown in Fig. 
2 and Table I, in which the diamagnetic 


15 


(c.g.s.e.m.u) 
ro) 


Vx 


\ 
(@) 10 20 
Temperature (°K) 
Fig. 2. Molar magnetic susceptibility. 
O:(Cr(NH3;);CDC1, 


5 
4 
3 
2 
| 
O 


Table I. Molar magnetic Susceptibility of 
(Cr(NH;);C1)Cl, 

TM IGK) Xu (c.g.S.e.m.u.) 
98.3 0.0198 
20.4 0.0860 
18.4 0.0938 
17.6 0.0984 
15.9 0.109 
14.7 0°118 
4.20 0.366 
3.41 0.439 

2.93 0.484 
2.49 0.547 
2.16 0.605 
1.92 0.641 
1.61 0.704 
lay, 0.718 


correction has not been made. The para- 
magnetic susceptibility follows the Curie- 
Weiss law between 2.5°K and room tempera- 
ture. The values of C and @ are 1.82 and 
—0.8°K respectively. 


§ 3. Discussion. 


Complex compounds A and B. Though 
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| 
(Vol. 15,) 
the single crystals of the two complex com-}) 
pounds have not been obtained, their X-rayy 
patterns of powder samples were taken.. 
They resemble very much each other as are: 
shown later and their magnetic behaviours: 
are also alike as indicated in Fig. l. The} 
analysis of the data on one of them may be» 
applied to the other. The bond angle of the? 
bridge in these complex compound is not} 
exactly 180°, because there is a H-atom) 
attached to the oxygen of the bridge. In the: 
following, it is assumed that the orbitali 
anguler momentum of each Cr*? ion is quenched | 
and only the spin angular momentum remains} 
free, and so the Cr*® ion is effectively in the: 
S=3/2 state. If the electron spins of twe) 
Cr* ions are denoted by Si and S; and the. 
coefficient of the mutual exchange interaction 
between S, and S; by J, the Hamiltonian of 
this bi-nuclear complex ions under the extern- 
al magnetic field H will be given as follows. 


SE = J 8,-S2+g8H(Si+ S82) 
Energy levels are obtained as shown in Fig. 


6J+3ggH 
6d 

6J-39g8H 

3J + 2ggH 
3d 

3J-2ggH 

J+g@H 

J ge 
J-gBH 


O 


Fig. 3.. Energy levels of bi-nuclear complex ion 
of Crt: 


3. Then, the magnetic susceptibility of a 
complex unit is calculated by means of the 
partition function obtained from these energy 
levels, as follows: 


Ng?s? QedT/kT 4 10e3//*7 4.98 
kT eSI/KT 1 Qe5T/KT 4 Bess /kT 47 ‘ 


where £8 is the Bohr magneton, k Boltzman’s 
constant, T absolute temperature, g spectro- 
scopic splitting factor, (2.00 was adopted.) 
and N Avogadro’s number. 

The calculated y2» are shown in Fig. 4. as 
function of absolute temperature in which / 


You = 


‘ 1960) 


‘is used as a parameter. The best fit was 
obtained by assuming /=—28 k in the complex 
A and J=—36k in the complex B. The 
agreement between the experimental values 
and the calculated ones is sufficient in the 


| temperature range above 50°K in the former 


300 


200 
Temperature (°K) 


Fig. 4. Magnetic susceptibilities. 
O:{((NH;);CrOHCr(NHs);)Cl1.;(ClO4)3.5° 4 HO}, 
x: C(NH;);CrOHCr(NH;),0H)Cl,-H,0. 


complex compound. The deviation from the 
calculated values at lower temperatures may 


be attributed to some slight deformation in 


crystal structure in the complex. In the 
latter complex, |/| is somewhat larger than 
in the former. The detailed structure 
determination of these complex compounds by 
X-ray analysis has not been made, as mention- 
ed above, because of the difficulty in getting 
a perfect single crystal. It is probable, 
however, from the chemical and _ optical 
investigations® that the bridge between 
two Cr*® ions in these complex units, is 


H 


pe 
av ie) 
p , 
in which the angle ¢ is almost 180°. The 
mutual interaction between two Cr*? ions is 
thought of as the superexchange interaction 
of the 3d electrons of Crt® through O-? in 
-OH- bridge. The superexchange interaction 
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of Cr** (3d%) through 180° bridge is thought 
to be antiferromagnetic (J<O) in nature”. 
The obtained value of J (—28k~—36k) may 
be compared with J in the bulk crystals such 
as Cr:03. The value of about —30& is not 
unreasonable considering the number of the 
nearest neighbours and the Weiss constant 
(@=500°K) in Cr.030”, Recently, some 
attempts have been made to decide the value 
of J by the paramagnetic resonance method 
in highly diluted crystals such as Mn*? in 
MgO (1:100)° or Cr*® in ruby (1:100)0% 
In the Mn-O-Mn case, /=28k+4 k was found 
out and in the case of Crt® pair in ruby, the 
estimated value of J was about —359k. The 
present value of /=—30& for Cr*? pair is con- 
siderably different from the above value 
though the bridge between Cr+? pair is not 
-O- (as in the ruby case) but -OH- in the 
present case. 

Complex compound C. The salt C was 
expected to show the most typical superex- 
change interaction in the case of 180° bridge. 
The observed susceptibility of a complex unit 
is about 0.001 (c.g.s.e.m.u.) in the wide 
temperature range. It has a little temperature 
dependence increasing with increasing temper- 
ature, but it could not definitely be determined 
whether there is any hump of susceptibility 
between 80°K and 300°K or not according 
to our apparatus. In the case of complex A, 
the model of two localized spins of S=3/2 in- 
teracting with each other via the -OH- bridge 
was taken. If the same model is assumed in 
this case, it is required that the coefficient of 
the exchange interaction J is negative and its 
absolute value should be larger than 200k to 
account for the experimental results. This 
absolute value of / is extremely large, in 
contrast to the values of J which was found 
in the range between 28 k and 36 k by Kambe“? 
and others and in almost the same range 
in the case of complexes A and B in our 
experiments. 

The compound K,RuzClio0-H:0 which has 
a complex anion [Cl;Ru-O-RuCl,]-* shows 
diamagnetic susceptibility at room tempera- 
ture. Dunitz and Orgel“ explained this 
diamagnetisum by applying the molecular 
orbital theory. Structure of the complex C 
is thought similar to this anion and the ap- 
plication of the molecular orbital theory may 
also be not unreasonable in this case. But, 
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the straight-forward application of the mole- 
cular orbital theory analogous to the treat- 
ment by Dunitz and Orgel gives rise to the 
paramagnetic state of S=1 which comes from 
the two unpaired electrons remaining in the 
doubly degenerated non-bonding orbital. And 
this is not consistent with our experimental 
result if any mechanism which brings the two 
spins into an interaction is not considered. 

[Cr(NHs3);Cl]*?.. As is expected, this complex 
ion is found to be a normal paramagnetics 
and the susceptibility follows the Curie-Weiss 
law. The obtained Curie constant C=1.82 is 
in reasonable agreement with Cr+* (3d’), S= 
3/2. The Weiss constant @O=—0.8°K is 
somewhat larger than is usually expected. 
The crystal structure of this salt has not 
been determined, but it is sure that each 
Cr*® ion is surrounded octahedrally by five 
NH3’s and one Cl- ion. If the passages or 
paths of the superexchange interaction are 
considered to lie between Crt* ions, they will 
be such as follows: 


Cr*°-NH3—Cl--Cr*? (I) 
Crt+?-NH3;—NHs3-Cr*?3 (II) 
Cr+3-NH3—Cl-—NH3-Cr*4 (IT) 


H 
(NH3)5 CrOCr(NH3)s} Brs — 
CO%G+aa ae ee 


acre! ad tteiea 
((NH3)gCrO Cr(NH3)40H) Bra 
— 50 
== i140 
=~" 0) 


Seer O 
eae 


((NH35CrOCr(NH9)g) Bra 


Fig. 5. X-ray powder patterns. 
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Cr*+8-NH3;—Cl-—Cr*? | 
elec | 
One of the present authors (T.H.) has pointed 
out the importance of hydrogen bond in the | 
superexchange interaction, discussing the | 
antiferromagnetic nature 


in CoCl,-6H:0°?. | 
Although the conclusion has not definitly beer: | 
obtained in the [Cr(NHs)sCl]Cl, case, it is. 
noteworthy to refer that the large Weiss 
constant @ may have some connection with 
the possible existence of hydrogen bond suck . 
as N-H—CI on the path I or III etc.,. 

X-ray powder patterns. 

The X-ray powder patterns of the bi-nuclear 
complex salts investigated were obtained by 
Norelco camera. They are shown in Fig. 5.— 
The results obtained are very well consistent 
with the data by Wilmarth, Graff anc 
Gustin®. As is apparent from Fig. 5, the 
complexes A and B resemble each other, but 
are quite different from the complex C. 
These facts are consistent with the magnetic | 
behaviours mentioned above. 


§4. Summary. 


It was intended to obtain experimentally | 
the magnitude and the sense of the superex- | 
change interaction of Cr** pair through the 
investigation on the bi-nuclear complex com- 
pounds of chromium. Because, the magnetic | 
properties of the bi-nuclear complex are | 
thought to be determined for the most part 
by the superexchange interaction between | 
the pair of the two magnetic ions through an | 
intervening diamagnetic oxygen ion. The 
coefficient of the superexchange interaction | 
in the pair of Cr** ions coupled by the almost | 

H 
linear af 5 bridge was found out in the range 
of —28k~—36k. In the case of —O- bridge, 
the extremely large absolute value of /, 
which amounted to 200k~400k, was required 
to explain the experimental results, if the 
same model is used as in the case of the 

H 
20% bridge. 

The susceptibility of [Cr(NHs)sCl]Cl, which 
is a usual mono-nuclear complex, obeys the 
Curie-Weiss law from 2.5°K to room tempera- 
ture. The Weiss constant @ obtained is 
—0.8°K. A comparatively large value such 
as this may be understood in connection with 
the possibility of existance of hydrogen bond 
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| on the interaction paths which are considered 
| between two Cr‘ ions. 

_ We are now intending to investigate the 
‘other bi-nuclear complex compounds of Cr+? 
‘in which the bond angle of the bridge is 
‘almost 90°. From the preliminally experi- 
| ments, rather small |/| value is expected in 
| such salts. 

The authors wish to express their sincere 
‘ thanks to Dr. H. Yamatera in St. Pauls Univ. 
' Tokyo, for his valuable discussion especially 
’ on the chemical properties of the salts investi- 
gated. Their thanks are also due to Messers. 
I. Tsubokawa and T. Watanabe for the 
| measurements of the susceptibility at higher 
temperatures. 
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The state of sorbed water on cellulose has been studied by pulsed 
NMR technique. From the experimental] results of spin-lattice relaxation 
time (7,) and spin-spin relaxation time (72), observed as a spin echo 
decay time, following conclusions have been derived. (1) Two phases 
of the sorbed water are classified; the localized and the mobile. (2) The 
correlation time (cw) derived from 7, using BPP theory, is consistent 
with that (cp) derived from dielectric measurements. (3) 7; is by 
one or two order longer than JZ, in contradiction to BPP theory for 
extremely narrowing case. As an explanation for this fact, we propose 
that, when we consider about 7», the effects of magnetic nuclei contained 
in the absorbent must be taken into account, though no theory is given. 
(4) The average life-time of water molecule sorbed on cellulose in the 
localized state is estimated to be several hundredths of a second and to 


decrease with temperature. 


Introduction 


§ 1. 


The spin-lattice relaxation time (Zi) and 
the spin-spin relaxation time (72) are very 
useful quantities for studying the state of 
soi1bed water, as well as the dielectric relaxa- 
tion time and other thermodynamical quanti- 
ties. 

One of the authors (A.O.) has measured 
the line-width of proton of water molecule 
sorbed on cellulose by using a high resolution 
NMR spectrometer? and compared the ap- 
parent correlation time (tw) derived from his 
data by BPP theory? with that (co) from 
dielectric measurements®*». The result is 
that tw is by about one order longer than rtp. 

If both ty and tp are the correlation times 
of rotational Brownian motion of water 
molecule in the sorbed state, they should be 


connected by the relation tw=gtp. So our 


initial purpose of this study is to clarify 
whether tw is consistent with ty or not, by 
means of 7; measurement. As a result, we 
have found that ty derived from Ty; is con- 
sistent with tp from dielectric data. 
Furthermore, it was found that there coexist 
two 7Ty’s, but not two Ty’s. It is very in- 
teresting that Zimmerman et al.®”®) have 
found a similar result for JT, and T, of sorbed 


water on silica gel by using the pulsed NMR 
technique. In their case, two T7,’s coexisted, 
but two 7\’s only ina limited range of water 
content. In a recent journal, we noticed that 
Winkler® studied sorbed water on allumina 
by using the pulsed NMR technique, observing 
the same kind of phenomena as Zimmerman’s 
and ours. 

The experimental data obtained and their 
interpretations and discussions will be given 
in detail below. 


$2. Experimental Results 


We have measured 7; of proton of sorbed 
water on cellulose as a function of water 
content (x) and of temperature (T), by using 
90°-90° pulse method’ at 25Mc/sec. The 
water content is defined as the ratio of weight 
of the sorbed water to the weight of the 
cellulose. The samples used were of the 
water contents of 12.5%, 16.5%, 20.3%, 36%, 
44%, 55%, and 148%. The apparatus used 
has been described in detail elsewhere!. 

One example of our measurements is shown 
in Fig 1, where the difference between the 
nuclear signal just after the first pulse (y,) 
and that after the second (y2) is shown as a 
function of the pulse interval (c) in a semi- 
logarithmic scale. In many cases, the curve 
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| 
| 
|} of In (s1—y2) versus t is a straight line, whose 
slope gives T;. But in our case, y:-y2 is given 
| by the following expression: 
G 
he) 


| From this figure, we can obtain three quanti- 
d ties: 711, Tie and Yul(Yut+Ji2). 


Ji-Y2=N11 exp ey +i. Exp (- 
11 
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Fig. 1. Semi-logarithmic plots of the differences 
between the nuclear signal amplitude after the 
first pulse (y:) and that after the second (y,) 
versus the pulse interval (rc). &xperimental 
plots are represented as 


Yi-Y2=Yu exp(~-7,_) + Yi2 Xp. (- re 
giving three quantities; 7 ,,;=20 msec, 7;,,=165 
msec, and yy /(Yi1+ Yi2)=0.35. 

Sample: Proton of sorbed water molecule on 
cellulose. 
Water content 
Weight of cellulose): 
Temperature: 13°C. 


(Weight of sorbed water/ 
16.5%. 


Then the question arises whether these two 
T;’s are entirely due to the sorbed water, 
since cellulose molecule (CéHi00;)n also con- 
tains protons. In order to check this point, 
we have measured the signal amplitude just 
after the first pulse, (¥i:=N1+12) as a function 
of the water content. The data obtained are 
shown in Fig. 2. The experimental points 
are ona straight line, which passes through 
the origin. If some protons in the cellulose 
contribute to nuclear signals, this straight 
line would displace to intersect the ordinate 
axis, and, if some protons in the sorbed water 
do not contribute to nuclear signals, this 
straight line would displace to intersect the 
abscissa axis. From this fact, we can con- 
clude that the nuclear signal is wholly due to 
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the sorbed water, and that all protons in the 
sorbed water contribute to the nuclear signal. 
That the protons in the cellulose do not con- 
tribute to the nuclear signal is consistent 
with the circumstances that our apparatus 
cannot detect the signal produced by protons 
in a rigid state, as alreary stressed in our 
previous article concerning the apparatus! 
and protons in the cellulose are considered to 
be in a rigid state. The half line-width of 
proton in the cellulose was measured by 
Varian spectrometer and found to be broader 
than 10 gauss. 


yi (= yut Ye) 
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Fig. 2. Water content dependence of y1 (=y11-F yi2) 
at room temperature, showing that three quanti- 
ties (Ty, Th, and yi1/(yi1 + Y12)) are all concerned 


with sorbed water. (See § 2). 
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Fig. 3(a). Water content dependence of Ti. 


(longer J) at room temperature. 


The values of Tu, Tx: and yu/(yutyi2) as 
functions of water content (x) and of tempera- 
ture (JT) are shown in Figs. 3~6. Rough 
measurements of spin echo decay time (T>) 
have also been made only at room temperature 
as a function of water content, and shown in 
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Fig. 3(b). Water content dependence of Ti, 
(shorter 7,) at room temperature. 
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Fig. 3(c). Water content dependence of T, 
(spin echo decay time) and T.*=(r4Hj/2)-! at 
room temperature. 4Hi;, (half line-width) is 
obtained from the steady state measurement 
(reference 1). 
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Fig. 4. Temperature dependence of 7,,; and Tp. 
Sample water content: 16.5%. 
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Fig. 5. Water content dependence of yi1/(y11 + yi2) 
at room temperature. Dotted curve is obtained 
from the simplified model of sorption (cf. § 3 


(d).) 


Yu 
Yat Viz 


0.5 


(°C) 
5 alg 50 10 


Fig. 6. Temperature dependence of yi1/(yi1+y12). 
Sample water content: 16.5%. 


Fig. 3 (c). In Fig. 3 (©), Vs*=(24Hip_)-? 
obtained from line-width measurement” is 
also shown for reference. Using these data, 
we shall discuss the sorbed state of water 
molecule in the next section. 


§3. Discussions 


a) Coexistence of two 7y’s 

As already mentioned, we have obtained 
two Ty’s of proton of sorbed water on cel- 
lulose. From this fact, we can conclude that 
there are two different phases of the sorbed 


water. This is consistent with Zimmerman’s 
data®”®, Winkler’s data, and_ dielectric 
data’), Now we propose that the shorter 


T: (T11) is due to protons of the localized 
water, perhaps hydrogen-bonding with OH 
groups of cellulose, and the longer T, (Ti2) to 
protons of the mobile water, not directly 
adhering to cellulose, but perhaps hydrogen- 
bonding with other water molecules. 

The nuclear magnetic resonance of multi- 
phase system has been studied by many 
workers’*"41), Among them, Zimmerman- 
Brittin’s analysis” based on the stochastic 
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| theory, seems to be very suitable for the 
analysis of our data. 


Now, we analyse our 
data by their theory. 


At this point, there is something to note, 


| from the experimental point of view, about 


the possibility of the observation of two or 
more 7i’s, which is particularly interesting 
in high polymer NMR researches!®. We draw 
the curves, as in Fig. 1, 


Yi—Yo= Ae + Bet, 


for various values of a, b and A/(A+B) (A 
+B being normalized to unity). Then we 
find that the condition that two 7,’s can be 
measured separately is that b/a>5 or b/a<1/5, 
Bal 
and 105? 10° 
strict limitations. We have measured, indeed, 
T:’s of various high polymers, but we could 
not have so far measured two 7;’s separately. 


b) Values of Ti: and Jin. 

Ti: is of the order of 20 msec and Tis of 
the order of 200 msec. Both increase slightly 
when the water content is increased (Fig. 3 
(a), (b)). For simplicity, we assume that the 
exchange rate between the localized state 
and the mobile state is so low that the 
average life-time of a water molecule in the 
localized state (tez) is very much longer 
compared with 7:. In this case, Tui gives 
the exact spin-lattice relaxation time for 
protons of the localized water and Ti. that 
for protons of the mobile water. 

As far as 7: is concerned, we take the 
simplest model that the energy of spin system 
relaxes to the rotational Brownian motion of 
water molecules by the magnetic dipole-dipole 
interaction. Then, following BPP theory” 
revised by Kubo and Tomita!™, 7: is given by 


These conditions are rather 


Ble Lyn ol rascorae wu veoey, 
to L+o%rx® | 14+40%n?/’ 


where 0 is the inter-proton distance in a 
water molecule, which is taken to be 1.54, 
and w, is 2z times the resonance frequency, 
25 Mc/sec in our case. Now, from the data 
of temperature dependence of both Ti and 
Tw» (Fig. 4), it is obvious that we are dealing 
with extremely narrowing case in BPP theory, 
where wrtw<l. Then we can derive the 
correlation times tw: and tw2 to be of the 
order of 10-!° sec and 10-1! sec corresponding 
to Tu and Ti respectively. Based on our 
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model already mentioned, ty and rp should be 
connected by the following relation: 


where 7 is the viscosity coefficient, and a the 
radius of water molecule. Our value of rye 
of the mobile water is favorably compared 
with tp derived from dielectric measure- 
ments*®*), which is of the order of 10-2 sec. 

If the exchange between two states cannot 
be neglected, which would be the actual 
situation (see §3 (d)), the apparent values of 
T,’s are shorter than the actual 7,’s’®. 
This effect is serious at high temperature. 
Even if we take this effect into account, it is 
obvious that we are dealing with the extremely 
narrowing case, and the orders of magnitude 
of tw’s would not be altered. 

We have assumed that the relaxation 
mechanisms for both of water molecules, the 
localized and the mobile, are the same, and 
have attributed the difference between T11 
and JTi2 to the difference between their ty’s. 
But, in the actual situation, the relaxation 
mechanisms for both may be different. For 
instance, the relaxation mechanisms for the 
localized water may be via non-spherical 
Brownian motion such as considered by one 
of the authors (A.O.)!, or via paramagnetic 
impurities contained in cellulose. These 
points are not clear at the present stage of 
our investigation. 

Finally, our data must be compared with 
T:’s of protons of sorbed water on silica gel 
obtained by Zimmerman and Lasater®. Their 
values of 7; corresponding to our data are 
of the order of 20 msec, only single 7; exist- 
ing except for 10.6, 12.6, and 13.6% samples. 
The reason for the difference between their 
data and ours is not clear, and perhaps the 
difference of the adsorbent is its origin, and 
it is a further task to clarify this difference. 


c) Values of T2 

Since our apparatus is not suitable for 
accurate measurement of 7:2, we made only 
rough measurements of 72, where we could 
not separate two 7.’s so far. We think it is 
a great task left for us to solve the question 
whether we can separate two 7,’s in our 
sample. We are now proceeding to modify 
our apparatus to measure the spin echo decay 
time accurately. 


1656 


T. varies from 0.5 msec to 4.5 msec, with 
the water content increasing (Fig. 3 (c)) and 
T2 is by about one order of magnitude shorter 
than Ti. In general, if the mechanisms for 
T: and JT, are of the same origin, BPP theory 
gives the relation 7:=7. in the extremely 
narrowing case with which we are dealing. 
Now we explain this disagreement by con- 
sidering that the main mechanisms responsible 
for JT, and JT» are different. For 7: we have 
considered that the main mechanism is due 
to the rotational Brownian motion of water 
molecule. For 7: we propose that the protons 
contained in the cellulose, which themselves 
are not detected in the signal, make some 
local field at the positions of sorbed water 
molecules, varying from position to position, 
and shorten 7J,. The formulation of the spin 
echo decay time in this situation is another 
task left for us and we shall discuss this point 
after we shall have completed the accurate 
measurement of 7». 


d) Values of yu/(yi1+y12) 

First we consider the dependence of yi1/ 
(yut¥i12) On water content. yii/(¥iu+yi2) 
decreases with the water content. Eor 148% 
sample at room temperature, we could not 
separate two 71’s i.e. yii/(Yi1ty12)<0 (Fig. 5). 

The quantity yii/(yiu+yi12) represents the 
ratio of the number of water molecules in 
the localized state to the total number of 
water molecules, if the exchange between 
the localized and the mobile states is neglect- 
ed. 

Then we consider a simplified model of 
sorption, such that, with the water content 
increasing, water molecules make hydrogen 
bonds with OH groups of cellulose until there 
are no OH groups left for hydrogen bonding, 
and only after that the mobile water appears. 
The degree of crystallinity of our cellulose 
sample is about 70% and the OH groups 
inside the crystalline part do not take part 
in the sorption. According to this model, a 
simpe calculation shows that the dependence 
of ¥11/(yi11 +12) On water concent is represented 
by the dotted curve in Fig. 5. In the general 
tendency, this dotted curve is like the experi- 
mental curve. In order to make more precise 
comparison, however, the following facts 
must be taken into account. First, when the 
water content is increasing, the mobile water 
would appear before the monolayer is fully 
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Second, 
effects. 


completed. 
swelling 


smaller than the actual population ratio”. 
Next, we consider the temperature depend- 
ence of the value of yuu/(viit+y2), which 
decreases with the temperature increasing 
(Fig. 6). We explain this phenomenon in the 
following way. The average life-time of a 


water molecule in the localized state (tex) 


would not be so much longer than 71: and it 
would vary with the temperature as Texo Exp 
4H/RT, where 4H is the activation energy 
for the hydrogen bond between water molecule 
and OH group of cellulose. When the tem- 
perature is increased, the actual relaxation 
time 71, increases and tez decreases, and 
gradually 711 becomes comparable with Tez. 
So, ¥u/(virt¥12) decreases with the tempera- 
ture. Of course, the above explanation is one 
of the possible explanations for the data of 
Fig. 6. Following the above explanation, we 
estimate tez to be of the order of several 
tens of msec at room temperature. Since 
we can separately measure 7:,’s of the order 
of 20 msec, the average life-time in the 
localized state of the sorbed water on cellulose 
is not shorter than 20 msec at room tempera- 
ture. On the other hand, for the sorbed 
water on silica gel, Zimmerman et al. obtained 
the value of 3 msec for the average life-time 
in the localized state, which is again by one 
order of magnitude shorter than ours. This 
difference is also a task for further in- 
vestigation, as the difference in the values 
of We 


§4. Conclusions 


We have measured the spin-lattice relaxation 
time of proton of sorbed water on cellulose. 
There are two different phases of water 
molecule. the localized and the mobile. The 
data of 7: was analysed by BPP theory. 
The correlation time derived from T, is 
consistent with the value from dielectric 
measurements. The value of JT: is by about 
one or two order of magnitude shorter than 
T:, contradicting with the theoretical predic- 
tion T:\=T2 for extremely narrowing case, 
we are dealing with. We have qualitatively 
explained this discrepancy by considering the 
effects of protons contained in cellulose. But 


| 
| 
| 


the exchange | 
between the localized and the mobile states | 
cannot be neglected, and then yii/(yi1+3i2) is | 
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a more quantitative treatment, that is, the 


theory of 7: of the heterogeneous system, 
which is constituted by two sets of spins in 
different environments, one being in the 


fluctuating lattice (protons of sorbed water) 


and the other in the rigid lattice (protons in 


cellulose), must be developed. The average 


life-time in the localized state of sorbed water 


molecule on cellulose would be of the order 
of several tens of msec. 


By this study, many points left for questions 


in the previous study by one of the authors 
/(A.0.) have become clear. 


Further points 
left for us are to measure accurately the spin 


echo decay time, to develop the theory of the 


T2 of the heterogeneous system, and to 
clarify the difference between the sorption 
mechanisms on cellulose and on silica gel. 
The authors would like to express their 
sincere thanks to Professor I. Takahashi for 
his continual interest and discussions. It is 


also our pleasure to acknowledge the assistan- 


ce of Mr. S. Inoue of Hokkaido University. 
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Study of Aqueous Solution of Strong 
Electrolyte—Reexamination of Molecular Refraction* 
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Molecular refraction of 1-1 electrolyte aqueous solution was re- 
examined in the light of a proposed model. So-called Lorentz-Lorenz 
function was plotted against molar fraction of electrolyte. Linear rela- 
tionships and critical phenomenon dividing the whole range into two 
were found. By applying our theory we obtain total number of hydra- 
tion, ny) -- ny) +n) +2, where the hydration numbers around 
each cation and anion are defined as ny‘+), ny°—) referred to the primary 
region and myy“*), myy‘—) referred to the secondary region respectively. 
We could also estimate the polarizability a: of water molecule which are 
considered as ‘solvent in concentrated range’ and subjected to the 
sufficient effect of polarization from surrounding ions. 


Introduction On the other hand molecular refraction 


is defined as (4/0) (n?—1)/(m?+2), where the 
notations are used as following: 


§1. 

Recently one of the authors (T.S.) has 
offered a model “@) of aqueous solution of 
strong electrolyte, which is to be applied 
throughout the whole range of concentration. 
In short the kernel of our model consists in 
two points: one is an extension of definition 
of so-called hydration layer and the other is 


n=refractive index of solution, 
o=density of solution, 


w=average molecular weight of solu- 
tion, 


perception that there exists critical range of 
concentration and consequently we can divide 
the whole into two, distinctly different ranges 
from structural viewpoint. Then we use 
primary hydration numbers ‘+, my“ and 
secondary hydration numbers yy, ny. 
The superscript (+) or (—) refers that a 
layer concerned is one located arond a cation 
or an anion respectively. 

Now we are going to reexamine molecular 
refraction from an above-mentioned stand- 
point. Of course this problem had been 
studied three decades ago and a trial, theoretic- 
al explanation has been given by Bottcher®. 
As well-known, ‘law of additivity of molecular 
refraction’ is valid in multi-component 
systems. The application of this law is un- 
expectedly capable in wider field. Let the 
molecular refraction of a solution considered 
be denoted by R, that of each component by 
Ri and molar fraction of each component by 
fi, the law is formulated in the equation, 


R=DRifi. (1) 
vu 
* Read at the annual meeting of the Physical 


Society of Japan held at University of Tokyo on 
April 6, 1960. 


= Leif. 


In this paper we restrict our consideration 
in two-component systems. Then it is easily 
seen that if we plot so-called Lorentz-Lorenz 
function o-'(n?—1)/(m?+2) against molar frac- 
tion of solute f, we will obtain such a curve 
as shown in Fig. 1. Fig. 1. shows an example 
of water-methylalcohol solution at 22°C, where 
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Fig. 1. Methylalcohol (22°C) 
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methylalcohol is taken as solute. 


§2. Experimental Data 


Let us back and consider our systems. 
Since dissociation can be assumed perfect 
because of 1-1 electrolytes, it turns out that 
_ variable f representing molar fraction of 
'cation and anion simultaneously is the same 
_to that of electrolyte solute. And then f is 
| limited to the order of only several percent. 
_ Consequently we notice that Lorentz-Lorenz 
function is expected to be approximately 
linear to f. 

In the literatures we find available data 
for analysis which were done by Fayans’ 
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Fig. 2. Sodium chrolide (25°C) 
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Fig. 3. Sodium bromide (27°C) 
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collaborators, H. Kohner®, W. Geffcken, 
and P. Hdlemann and H. Kohner™. The 
Plots of o~1(m?—1)/(m?+2) versus f are shown 
in Fig. 2 to Fig. 6. In these figures we find 
distinctive features that relation can be ap- 
proximately indicated by two straight lines 
having different slopes. But we must reco- 
gnize that there is only small number of 
points, particularly in dilute range. For this 
reason we tried reobservations for supplement- 
al data by preparing more detailed points of 
concentration. 

Here we describe the outline of the experi- 
mental. Sodium chloride, sodium bromide, 
potassium chloride, potassium bromide and 
potassium iodide have been studied as electro- 
lyte solutes. All samples were special-class 
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Fig. 4 Potassium fluoride (25°C) 
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Fig. 5. Potassium chrolide (55°C) 
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commercial products, which were dried in a 
thermostat for several hours before making 
solutions. Refractive indices of solutions have 
been measured by Abbe refractometer using 
light source of a sodium discharge tube. 
Temperature of specimen was kept constant 


fe) 2 4 6 “8B 10 
fx 10® 


Measuring points corresponding to 35° 
and 45°C are plotted in a way of 
translation by constant. 


Fig. 6. Potassium bromide (25 C) 


0.195 n a er aed eee Se re 
16) 


\ 2 3 4 62 BAS 6 
f x1o* 


Fig. 7. Sodium chrolide (19°C) 


\f 
by passing water through jacket from water } 
works. Error of refractive index was limited | 
within +2 at the fourth decimal, while that. 
of temperature of specimen cell + (0.1 or | | 
0.2)°C. The density of solution has beed | 
measured by a picnometer. The results are | 
shown in Fig. 7 to Fig. 11. From _ these 
figures we can probably draw our conclusion 
upon experimental facts. 


§3. Theoretical Interpretation 
We take cation, anion and water as the 
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components. However, from above situation 
based upon our model simple treatment of 
water might not be permitted. That is, we 


» should consider molecular refraction of water 


| 


molecular which corresponds to different state; 


t Ri}, Ry referred to waters in primary 
f hydration region, Ry, Ry@ referred to 
_ those in secondary hydration region and Rp 
| referred to the normal, free water molecuies. 


R, and R- denote those of cation and anion. 
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Fig. 10. Potassium bromide (19°C) 
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dilute range 


Since molar fraction of the cation and the 
anion is f, that of water is 1-2f. Molar 


(i) 
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fractions of different types of water are, 
therefore, given in the following from. 


types of water molecule molar fraction 


primary layer of cation nf 
primary layer of anion nf 
secondary layer of cation my f 
secondary layer of anion anf 


normal 1—(ay +20 +g +n +2)f 


Consequently, Rs; can be written: 


DRifj=(R++ Rf 

+. (Ryn +RYO ny 

+ Rin + RrOnn© f + Rofl—Ca 

ta an +an@ +2)F} 

=R(1+Af), (2) 
where coefficient A is written by an equation, 


A={(R44 R-)+ (RYO ny + ROnO 
+ Ry nn + RO nn@) = Rom 
+O + nn +2y@ +2)}/Ro. (3) 


While “(=Sifs) is wo(1+Bf), where 40 is 
denoted as molecular weight of water and 
coefficient (44+ 4-—2y)/4o0 is abbreviated by 
B. 

Of course “;+y4- equals to molecular weight 
of solute. Hence Lorentz-Lorenz equation can 
be written in the following from: 

o-(n?—2)/(n? +2)=(Ro/4o) (1+ Af) 1+Bf)* 
= (Ro/ Ho) {(1—(B— A) f }. (4) 

Here we neglect higher order terms more 
than square of /f. Eq. (4) shows that 
o-1(n?—1)/(n?+2) is approximately linear to f 
and so our theoretical derivation agrees satis- 
factorily with experimental result. 

(ii) 

When concentration reaches to a critical 
point, almost no free water molecule exists 
in solution. We must, therefore, consider 
different members of component, namely 
water molecules can be now classified into 
three. Hence molar fractions of these three 
types of water are given in the same manner. 


molar fraction 


concentrated range 


types of water molecule 
primary layer of cation ny 
primary layer of anion ny f 
over-all secondary layer 1—(m‘*) ++ 2)/ 
If R corresponding to secondary-region water 
molecule is designated as Ry, DRifs can be 


written: 
DRofj=(R+ + R-F+ (ROO + ROn )f + 
R,1— (m1 +-1yO +2)f}=Rx(1+Axf), 5) 
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where coefficient A, is written as follows: 
Ax={((R+4+R-)+ (RIO + RO ny 
—Ry (my + m© +2)}/ Rx. 
Hence, 
o-*(n? + 1)/(m®+2)=(Rx/H0) 1+ Axf) 
(1+ Bf) ~(Ry/) (1—(B— Ax) ff, 
where higher order terms more than square 
of f are neglected as in Eq. (4). Eq. (7) is also 
seen to be able to explain experimental fact. 
By using available graphs we are now going 
to determine hydration number. In Eq. (4) 
and Eq. (7) we can obtain absolute value of 
gradient, say g and g,, and constant factor 


term, Ro/mwo and R,/4o (consequently Ro and 
R,.) respectively. Hence we have, 


(Ro/0) (B—A)=g& 


(6) 


(8) 
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Substituting Eq. (3) and Eq. (6) into these) 
equations, \| 
(R,+R_-)+(RyO ny +ROu@ 
+ Ry ay + RyOnn™) — Rom + my 
+O +n +2) = B—g(40/Ro), (10) 
(Re + R_-)+(RrO ny + RO nm) | 
—R, (ny +12 + 2) = B— gx (Mo/ Rx). (11) 8 
When Eq. (10) is subtracted from Eq. (11), 
the following equation is obtained, 
(Ro— Rx) (a? +2 + nn +an© +2) 
= po {(g/Ro)—(Sx/Rx)}- 
The over-all hydration number is, therefore, 
determined by: 
my + ny + nn + my = {H0/(Ro— Rx) 5 
x {(g/Ro)—(Sx/Rx)}—2. (12) | 
Values of my +? + nn +nn© for several 
1-1 electrolyte species calculated from Eq. 


and (R,./40) (B—Ax)=2x. (9) (12) are tabulated in Tab. 1. 
Table 1. Values of ax, mt) +n, +n) -+nii and Cerit. 
‘a a S . aboitt ar ;,. ‘ ee) Cerit. 
B temp. (°C) g Ix basen ay(A3) air oie Gesell) Reference 
ae ae ee oe a a N = cen 
25 0.15 0.12 3.69 1.46 20 | (5) 
NaCl tees 19 0.15 0.13 3.69 1.46 15 2.1 
et ee ee SRLRE LE .* a = = 
| 27 0.41 0.26 3.60 1.43 19 (3) 
Nabe 3.72 20 0.44 O32 3.67 1.45 32 elf 
KF 1.23 25 0.36 0.22 3.53 1.40 29 (4) 
25 0.21 0.16 3.69 1.46 35 (4) 
KCl 2.14) 19 0.23 0.16 3.68 1.46 39 1.4 | 
25, 0.47. 0.30 3.60 1.43 23 (4) 
KBr | stGl29 9 19° o| 0.48 0.34 3.63 1.43 27 AW Sth 
KI UP? 19 0.61 0.38 3.58 142 24 1 


§4. Discussion 


Bottcher has thought that the experimental 
fact that apparent dependency of molecular 
refraction of component upon the concentra- 
tion is caused by a limited validity of the 
Lorentz-Lorenz formula and all the deviations 
can be explained by his corrected Lorentz- 
Lorenz {formula®. While our treatment is 
based upon the assumption that the additivity 
law of molecular refraction holds widely. We 
consider that the knick phenomena are to be 
attributed rather to structural change in the 
solution. Then, if we adopt a conventional 
relationship that polarizability a of a particle 
is proportional to molecular refraction R, we 


obtain the values of a, corresponding to Rx, 
which are listed in Tab. 1. Clearly a, is 
smaller than ap, although the difference is 
not so remarkable. (The value of polarizability 
ay at 25°C is 1.470 A’, which should be dist- 
inguished from Béottcher’s value 1.303 A?® 
because of different definition.) This is easily 
understandable since in the region in which 
a, is defined water molecule undergoes suf- 
ficiently the polarization effect from ion. 
Moreover, it seems interesting and meaningful 
that a, has a general tendency of decrease 
against the increasing of ionic radius. 

We can quote glass as an appropriate 
example in concentrated range. Although 


‘I! 

) 

‘ 
| 


| 


:1960) 


i 


} 


t 
| 


| 


‘glass is super-cooled liquid, it is just like our 


systems in extremely concentrated ionic 
solution. A similar treatment to this paper 
are found to be applied successfully in the 
structural study of glass®. 

The neglect of higher order terms more 


|than /? in Eq. (4) and Eq. (7), particularly in 
| the latter, must be examined in such a case 


as KBr or KI, which has large value of B. 
Because, in these samples f?-term may be- 
come to be somewhat comparable to f1-term 
around larger value of concentration near sa- 
turation. But we cannot detect these trend in 


| our experimental ranges as seen in Fig. 10 and 
| Fig. 11. 


Bjerrum has pointed out that we must 
consider an influence of ion association, which 
May occur mainly in high concentrations. 


Since ion association increases proportional to 


the square of concentration, its contribution 
to Eq. (7) is of the order of f*. We might, 
therefore, neglect this effect. 


Table 2. Estimation of secondary hydration 
number 476+) --ay~ 


nyt) nyo? My ny? 
NaCl 6 28 
NaBr 6 26 
KCl 5 34 
KBr 5 22 
KI ) 19 


It should be remembered that the value of 
nyO+ny+ny™ +nn© calculated by Eq. (12) 
might not be regarded to be very accurate, 
because that values of g and gy obtained 
graphically can only be determined fairly 
rough. After allowing this circumstance, we 
try to estimate total number of secondary 
hydration. If we use total number of primary 
hydration that has been simply called hydra- 
tion number, we can obtain total number of 
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secondary hydration to each electrolyte. Mean 
values of m+n; used for estimation 
and those of my)+ny@ determined thus 
are listed in Tab. 2. Hydration number is 
supposed almost independent on temperature. 
This is verified by a fact that all the slopes 
of straight lines corresponding to various 
temperatures are determined nearly the same 
whithin experimental error as seen in Fig. 6. 

The values of critical concentration Cerit. 
may be compared with ones determined with 
other hydration-dependent quantities. At 
present we have only few examples available 
for this comparison. Here we wiil refer a 
result of viscosity. With NaCl we can find 
good agreement between present work and 
recent report by Suryanarayana and Venka- 
tesan®, 

The authors takes this opportunity to thank 
Prof. J. Itoh for his suggestion concerning 
the subject of hydration. Special thanks are 
due to Dr. I. Oshida and Prof. K. Ishiguro 
for their deep interests and invaluable discus- 
sions. Finally, we would like to thank Mrs. 
M. Hakuya for her assistance of measurement 
and calculation during this work. 
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Magnetic properties of single crystals of CrBr; have been measured 1 
with a magnetic balance and also with a torque magnetometer. The | 
ferromagnetic Curie point has been found to be 37°K from the tempera- | 
ture dependences of magnetization and of torque. Based on the data of 
the magnetic susceptibility above the Curie point, the paramagnetic 
Curie point @p, Curie constant Cy and the effective Bohr magneton 
number have been determined to be 47°K, 1.84 and 3.85 4s respectively. 
From the saturation magnetization at 42°K, the moment of chromium 
ion is estimated to be 32. coinciding with the spin moment obtained 
from the susceptibility measurement above the Curie temperature. 
Direction of easy magnetization lies along the c-axis of the hexagonal 
lattice, and the second order and the fourth order anisotropy constants 
are estimated to be K,=—5.08x10° and K,=0.65x10°erg/cc respec- 
tively. In the present results, there is found a small deviation in the 
torque curves from simple sinusoidal form, L=K sin 26, which is 
discussed on the basis of the higher order term of magnetic anisotropy 
in the high field strength range and also of the domain-theoretical con- 
sideration in the low field strength range. 


Introduction 


St. 

Several anhydrous di- or trihalides of the 
elements of the iron group shown an interest- 
ing magnetic property which is known to be 
metamagnetism. For these compounds, the 
paramagnetic Curie temperatures 0, have a 
positive sign, and in the temperature range 
below these points the magnetic susceptibilities 
depend on the magnetic field strength. In 
spite of @»>0, it was discovered by neutron 
diffraction experiments that the magnetic spin 


4x7xX7mm? in dimension and were cooled in | 
the furnace F,. The CrBr; crystals appeared | 
in the form of hexagonal plates with a clea- | 
vage plane of (0001), dark green in color. 


Thermo Junction 


ordering in the crystal lattice of these com- _ 

pounds is antiferromagnetic. On the other : 

hand, the chromium trihalides, CrCl; and c 

CrBr;©, are considered to have different 

magnetic properties in comparision with those Fig. 1 A schematic diagram of the apparatus for 


mentioned above, but any detailed study was 
not yet undertaken. On this point of view, the 
magnetic properties of a single crystal of CrBr; 
were investigated by the present author. 


growing the CrBr, crystals: Powdered chro- 
mium was placed in furnace Ff’, and heated 
to 750°C. Bromine vapor was prepared by 
heating bromine in a glass container to 50°C by 
furnace fF. 


§2. Experimental Results 


A single crystal of CrBrs was prepared by 
heating the powdered chromium (99.3%) in 


Chemical analysis showed that the CrBrs 
crystals thus obtained contained only trivalent 
chromium ions. It was also confirmed by a 


the vapour of bromine (99.9%) up to about 
750°C. A schematic diagram of the apparatus 
for growing CrBr; crystals is shown in Fig. 
1. The crystals were grown up to about 


Debye-Scherrer X-ray pattern that the crystal 
was hexagonal in structure with the lattice 
constants a=3.66A and C—NS tO A, which 
agreed closely with the results of the previous 
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1960) 


work®), 


Temperature dependence of specific magne- 
tization o and of susceptibility x above the 


Curie point were also measured and the 


results are shown in Figs. 2 and 3. The 
ferromagnetic Curie temperature was estimat- 
ed to be about 37°K by. plotting the o?-T 
curve. In Fig. 3, the inverse susceptibility is 
also plotted against the temperature, which 


T we 


20 


a 


o (c.g.s.e.m.s.) 
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40 
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Fig. 2. Temperature dependence of magnetization. 
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O 


(0) 50 100 150 200 


Temperature (°K) 

Fig. 3. Temperature dependence of the suscepti- 
bility above the Curie point. (Inverse suscepti- 
bility is also plotted). 


) 
250 


shows that the paramagnetic susceptibility 
above the Curie temperature obeys the epua- 


tion 


whence the paramagnetic Curie point was 


~ determined to be 0,=47°K and the Curie 


constant, Cw, and the effective Bohr magneton 
number, fers, are 1.84 and 3.84 us respectively. 
Torque measurement was performed by 
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means of a torque magnetometer. A single 
crystal specimen used in the present experi- 
ment was spherical in shape, 2mm in dia- 
meter. Some typical torque curves at 4.2°K 
in the a-c placn are shown in Fig. 4. The 
stable position for the specimen could not be 
found when the magnetic field was oriented 


120 140 160 180 


Torque curves at 4.2°K 
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Fig. 5. Field dependences of the value of the 
torque maximum and of 48. 


pede AL, «(8 


near a-direction of the crystal. When the 
applied field was 2.4 koe, the torque maximum 
appeared at 0=48°, @ representing the poler 
angle of the field direction from c-axis, but 
it displaced towards the a-axis with increas- 
ing field strength. The deflection @ reached 
its maximum value 62° at about 7 koe and 
then decreased with the further increase of 


magnetic field strength, The maximum 


1666 


torques and deviations 40 of the torque maxi- 
mum position from 45° for each curve are 
plotted against the applied field strength in 
Fig. 5. A temperature dependence of the value 
of the torque maximum measured in the field 
strength of 10 koe is shown in Fig. 6. 
Further torque measurements were performed 
above the Curie temperature, and (%e~%a) 
calculated by using the value of torque is 
shown in Table 1. 


(erg/ar) 


Torque 


0 10 20 30.7. 40 50 
——+ Temperature (°K) 
Fig. 6. Temperature dependence of torque. 
Table I. The values of x~—ya. 

Temp. %ec-%a | Temp. %c-Xa Temp. Xc-Xa 
43.0°K 116 x 10-"| 64.3°K 4.6 x 10-°) 101°K 0.80 x 10-° 
43.5 106 | 66.0 3.7 106 0.75 
43.8 96 | 70.0 2.5 i109 0.71 
43.9 84 Nal it Oe co | 124 0.57 
44.0 67 (EN GHC > Wt | 141F S045 
45.0 52 | 76.3 1.68 154 0.38 
45.5 47 Waly ete) 159) 0237 
50,08) 00 26.& J1529820, m Jrs86 (166 0.35 
hy, 20 SOR0m, 1e3t Wl7S: MORS2 
532 17.0 SLO M125 190 0.30 
54.0 14.6 86.0 1.14 2030827, 
56.5 11.9 S105 9 1200 182237 80826 
56a4 LEG | 94.0 0.91 239)5, 0.24 
58.0 10.6 | 97.0 0.86 ZOD ORZe 
60.5 Shows | 99.0 0.84 ees (sil 


The magnetization curves at 4.2°K for the 
direction of c-axis and that perpendicular to 
it were taken by means of a magnetic balance, 
and the results are shown in Fig. 7. As it 
shows, c-axis is the direction of easy magne- 
tization and the technical saturation is reached 
by the field strength of 4 koe. The saturation 
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value at 4.2°K is estimated to be 58 gauss/ | 
gr, which corresponds to 270 gauss/cc. The | 
dotted curve in Fig. 7 shows the average — 
value of magnetizations for the directions of 
easy and difficult magnetization, which agrees ] 
very well with that of the powder specimen | 
reported by Hansen“. 


® 


Specific Magnetization (c.a.s.emuu.) 


O | ZS A 5 
Sea FOR 


Fig. 7. Magnetization curves parallel to a-axis 
and c-axis. 


§3. Discussions of the Results 


A lot of hexagonal halides of the elements 
of the iron group show metamagnetic pro- 
perties, whereas, the present compound is 
considered to be ferromagnetic since this 
compound does not show any antiferromagne- 
tic behaviors for low magnetic field strength. 
Also the Curie-Weiss law holds above the 
critical point and the paramagnetic Curie 
temperature is higher than the ferromagnetic 
Curie point. 

From the results of the magnetization 
curves of single crystals and of the torque 
measurement, it is concluded that the direction 
of easy magnetization lies along c-axis of the 
crystal. The saturation moment in c-direction 
at 4.2°K would be supposed to be about 
3 we from the results obtained. On the other 
hand, from the susceptibility measurement 
above the Curie temperature, we determined 
that the spin quantum number is 3/2. These 
values agree well with the spin magnetic 
moment of Cr** ion. 

Paths of superexchange interaction in the 
present compound may be classified into those 


1} in the c-plane as well as along the c-direction. 


The crystal structure of CrBrs is shown in 
Fig. 8, and the path of the interaction in the 
c-plane is A—O—B which passes through one 
intermediate anion, while the other along the 
c-direction is C—O’—O”’—D which passes 
through two intermediate anions. All other 
kinds of paths are considered to have a 
negligible contribution to the net interaction 


@ Cr’ ion oy Br ion 
Fig. 8. Crystal sturcture of CrBr3. 


since overlapping of the charge clouds of ions 
in these paths is not expectable to be large 
from the view point of the ionic radii of Cr°** 
and Br-. The angle of A—O—B linkage is 
calculated to be about 89°. Kanamori sug- 
gested that if the cations are Cr*+ and the 
angle of the linkage, 90°, the sign of super- 
exchange interaction is ferromagnetic. Hence, 
the interaction along the c-directions is consi- 
dered to be also ferromagnetic. 

Next the behavior of the torque curve is 
discussed. In the strong field range, the 
maximum of the torque curve shown in Fig. 
4 reaches a saturation value; Based on the 
uniaxial anisotropy energy, 

U=Kcos’6, 


(K represents the anisotropy constant) and 
from the saturation value of torque maximum, 
K is estimated to be —4.8x10%erg/cc. In 
this case the dependence of the position of 
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torque maximum, 0m=7/4+4, on the magnetic 
field strength is given by 


sin @A)=| v1 +32 (K/HI)? =a | (8K/HI;) 


neglecting the higher order terms in K/HI,*, 
where H is the magnetic field strength and 
Is, the value of the saturation magnetization. 
Putting the obtained values of K and 
mentioned above into the equation, the value 
of 4 is obtained as shown by the dotted 
curve (i) in Fig. 5. As it shows, discrepancy 
of the order of a few degrees exists between 
theoretical and experimental results. Such a 
difference may be due to the higher order 
term of the anisotropy energy. Introducing 
a higher order term of the anisotropy energy 


U=K, cos?6+ Kz cos‘0, 
the saturation value of maximum torque is 
expressed by 
Grip —(ky + Ka), 


at sufficiently strong field strengths. On the 


other hand, the position @m of maximum 
torque is given by 
Om=7/4+44dM’, 


4=K2/(K,+ Ka), 
yee cos 24—4B sin 44) (A cos 24—B sin 44) 


A cos 24— 
—(Asin24+2Bcos44) 1 
4Bsin44 Als 
ky 


with A=—(K,+:) and cgi The fittest 


curve (ii) shown in Fig. 5 has been obtained 
by choosing the values 


K,=—5.08 x 10° and K,=0.65 x 10° erg/cc. 


On the other hand, as the field strength 
decreases, the torque curve takes again a 
sinusoidal form as expressed by 

L=Asin 20, 
where A is a canstant. Such a fact is quali- 
tatively explained by the fact that the magne- 
tic moment of the specimen J lies along easy 
direction of magnetization by the application 
of very weak fields and is also proportional 
to the effective field strength in the direction: 
The magnetization in c-direction is expressed 
to be 

IH) H cosé. 


ws The value of K/HIs takes a value 0.18 at H= 
10 koe. 
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The torque value is expressed by 
L=IJH sin. 


Eliminating J, from the above equations the 
following expression for L is obtained 


Lw H? sin 28. 


Hence in this case the torque curve approaches 
to a sinudoidal form, as is observed by the 
field strength of 2.4 koe. 

The anisotropy constant is also calculable 
from the area between the magnetization 
curves along the direction of easy and difficult 
magnetization. Extrapolating the magnetiza- 
tion curves of the a-direction, we can evaluate 
the anisotropy constant to be about —5x 10° 
erg/cc which agrees closely with the value 
Ay estimated from the torque curve. 

The anisotropy constant calculated basing 
on the dipole-dipole interaction is 3.66 x 10° 
erg/cc, which has the opposite sign as compar- 
ed with the experimental value. Such discre- 
pancy will be solved by considering the 
interaction energy between the spin and the 
orbital moment of chromium ion under the 
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influence of bromine ions, especially that of 
the polarized bromine ions in the crystal 1 
lattice of this compound. A detailed calcula- | 
tion by Dr. Yamada of this Institute is now 
in progress. 
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A method of microwave spectroscopy using three-level maser action 
is described, and some preliminary experiment on HDCO is given. A 
b-type transition, 3)3<2;., which is connected with a a-type transition 
211-212, has been definitely assigned by the observation of three-level 


maser action. 


Moreover, the weak transition, 3 3<2;,, was observed 


with very good signal to noise ratio by using the strong transition, 


211<-21:, aS a detecting transition. 


Theories of the three-level maser 


action in gases are also compared with experiment and shown to be in 


good agreement. 


Further applications of the three-level gas maser as a 


spectrometer as well as an amplifier are discussed. 


Introduction 


Sale 

The principle of the three-level maser was 
first proposed for a gas system by Bassov 
and Prokhorov in 1955. The successful 
operation of the three-level maser was_per- 


formed using paramagnetic crystals” at liquid 
helium temperature following the proposal by 
Bloembergen*®. One of the authors employed 
a three-level gas maser as a spectrometer to 
observe a direct /-type doubling transition 


‘| 1960) 


| maser. 


_beam-type masers. 
/maser is variable in a wide range from some 


| as the band-width increases. 


‘lof OCS at 12.78 Mc. 


The three-level gas maser amplifier has 
the following advantages over the solid state 
The gas maser is operated at room 
temperature or at dry-ice temperature rather 
than at liquid helium temperature. The 
maser material of gas may be filled ina 
sealed-off waveguide cell, without using a 
vacuum pump or a liquid nitrogen trap as in 
The band-width of a gas 


ten kilocycles to more than 10 Mc simply by 
changing the pressure of the working gas, 
although larger pumping power is required 
Another feature 


| of the gas maser is its feasibility for shorter 


waves than conventional microwaves, while 
the paramagnetic solid state maser will find 
it difficult to apply to higher frequencies, 
(say above 100Gc). Because the traveling 
wave type gas maser employs a _ simple 


- waveguide structure, it is more favorable for 


millimeter waves than the solid state traveling 
wave maser which employs an_intricated 
structure. The noise temperature of the gas 
maser should generally be larger than that 
of the solid state maser but considerably 
lower than the room temperature, even though 
the temperature of the gas is high. 

On the other hand, operation of the three- 
level maser as an amplifier or an oscillator 
becomes difficult at lower frequencies, because 
the absorption coefficient of spectral lines 
decreases in proportion to the square of the 
transition frequency. At higher frequencies, 
however, sufficient pumping power is not 
easily available. Therefore, the three-level 
gas maser has not yet been tested as an 
amplifier at the present stage. 

However, besides the use as an amplifier 
or an oscillator, the three-level gas maser has 
some spectroscopic applications as mentioned 
before. As a microwave spectrometer, it has 
following advantages. First, the three-level 
gas maser can be used in obtaining concrete 
assignment of transitions in a complicated 
microwave spectrum. Secondly, a weak 
transition can be detected with much improved 
sensitivity by using the three-level maser 
action, if another strong transition which 
involves one common energy level with the 
former one is used as a detecting transition. 

This paper describes a microwave double 
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resonance experiment on HDCO molecule to 
demonstrate the behavior described above, 
including a study on the three-level maser 
action itself inherent in the gas system. 


§2. Sensitivity of the Three-level Micro- 
wave Spectrometer 


Suppose that a molecule has three energy 
levels as shown in Fig. 1. Two transitions, 
(163) and (23), are allowed and their 
frequencies are written as y» and vs, respecti- 
vely. The three-level maser action may be 
considered as the change in intensity of one 
transition (23) due to a relatively strong 
radiation corresponding to the other transition 
(103). The transitions (103) and (23) are 
called the pumping transition and the signal 
transition respectively. 


Es 
Nvs 
Eg 
hp 
E, 
Fig. 1. A three-level system. 


A semi-classical explanation of the three- 
level maser action based on a change in 
population difference alone is well known. 
The relaxation times between various levels 
may be asumed to be equal in a gaseous 
state, and hyp, hvs<kT where T is the tem- 
perature of the gas. Then, the relative 
change of absorption coefficient at the center 
of the transition (23) due to the pumping 
radiation of frequency vp can be derived 
from Eq. (6) in reference (5). The absorption 
coefficient as* of the transition (23) under 
pumping radiation is expressed in the form 

as 1+2w(2—r) (1) 
1+4w 


7=VolVs 
_ 2n\ trl? Po 
3ugh?(4v)2S 


Aso 


* For the net induced emission of power, as is 
negative, 
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where as is the absorption coefficient without 
pumping, w the usual saturation parameter 
for the plane polarized wave, Po the pumping 
power, “py the dipole matrix element for the 
transition (13), 4y the half half-width of the 
line, vz the group velocity of the pumping radia- 
tion in the waveguide, and S the cross- 
sectional area of the waveguide. 

The semi-classical theory gives a good ap- 
proximation for most solid state masers, 
unless pumping power is not very large, 
because 71572 holds usually, where 7, and 
Tz are the longitudinal and transverse relaxa- 
tion times respectively. However, in the 
case of a gas system where the relaxation 
occurs through molecular collisions (7:~72), 
the semi-classical treatment may not be 
correct. The quantum mechanical treatment 
of the three-level maser has already been 
given by A. Javan’) and A. M. Clogston®. 
The ratio of the gas absorption coefficient 
with and without pumping can also be derived 
from Eq. (21) in reference (5). 

a __1t+w(4—3r) 
aso (1+4w) (1+w) 
Eqs. (1) and (2) will be compared with ex- 
perimental results in the next section. Notice 
that in some cases Eq. (1) gives larger values 
than Eq. (2), and vice versa in other cases. 

Now, let us consider the sensitivity of a 
three-level gas maser for spectroscopic pur- 
poses. When v»>yvs, saturation between states 
l and 3 by a strong radiation results in an 
enormous increase in the population difference 
between states 2 and 3, and hence the absolute 
value of absorption coefficient at the signal 
frequency increases in a large amount. A 
semi-classical treatment of the sensitivity of 
this type of three-level spectrometer and an 
experimental study on OCS has already been 
reported*. A quantum-mechanical evaluation 
for the case when v,»=24,355.50 Mc and ys= 
12.78 Mc, at the pumping power level of 


(2) 


w= — gives 
2 


|@s|/&s9=630 


An increase of sensitivity by such a large 
factor enables one to observe low frequency 
transition of the molecule. 


* This corresponds to | y *r?=4 in ref. (5), and is 
an approximate condition for maximum power of 
net induced emission, when v,)) vs 
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Next, let us consider a case when both Yop 
and ys; are in the microwave frequency range. } 
Then the ratio v,/vs is not very large so thatif 
the method described above is not effective.. | 
For example, taking values of v»/yvs=10 andl 


w=5 , we have only 


[Qs! Also = 2.7 


However, there is another method of using / 
the three-level maser as a sensitive spectro-. 
meter. Consider a case when the transition! 
probability between states 1 and 3 is muchif} 
smaller than that between states 2 and 3 
Accordingly the absorption coefficient of the: 
gas in its thermal equilibrium at the frequency ' 
vp is much smaller than that at the signa!’ 
frequency vs. A change in absorption coeffi- 
cient of the Strong transition (203) caused by 
the weak pumping transition (13) may be: 
observed in order to detect the weak transition 
(13). The increase of sensitivity which is 
obtained by this method is calculated as 
follows. 

The change in absorption coefficient, |4as} 
=|a@s—ds)|, is assumed to be observed by a | 
usual waveguide-type spectrometer. The 
signal to noise ratio of a spectral line with 
the absorption coefficient @ is proportional to | 


ay P, were P is the microwave power. The 
signal to noise ratio increases with the input | 
power P, but the saturation effect and the | 
increase of detector noise put a limit for input | 
power. Then the maximum available signal 
to noise ratio of the line turns out to be | 
proportional to approximately a!*°~9°>, 

Therefore, a direct observation of the | 
transition (1-3) may be assumed to exhibit | 
the signal to noise ratio proportional to the | 
absorption coefficient in thermal equilibrium, 
ayo, While the change of absorption at the 
frequency vs can be observed with the signal 
to noise ratio proportional to |4as|, if the 
sensitivity of the spectrometer is the same 
at the frequencies »» and ys. For the case 
of interest when ayp<aso, the increase of the 
signal to noise ratio is quite large since 
|4as|/@p>1, so long as the sufficient power at 
the frequency vp is used. A measure of 
the increase of sensitivity is obtained from 
Eq. (2) as 


|das| bd w(3r+1+4w) aso 
Ap  (1+4w)(1+w) ayo 


(3) 
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For example, when w= = , one obtains 


|das|_1+r M8051 
Apo 3 Apo 
Because the microwave spectrometer is 


generally more sensitive at lower frequencies, 
the actual increase of sensitivity will be 
somewhat larger than the value given by Eq. 
(3). 

lt seems worth noticing that the sensitive 
detection of weak lines by such a method 
can also be applied for a case when y,<vs or 
r<l. Now the lower frequency transition is 
detected by the change in absorption of the 
higher frequency transition. It is quite 
obvious that the method described above is 
not restricted for the level system with E;> 
E.>E;, but can be applied generally for any 
three-level systems if one weak transition is 
connected to another strong transition through 
a common level. Three-level systems, where 
the levels are E:>E3>F\, E,:>E.>E3 and in other 
cases, are essentially the same as_ that 
described above. 

The three-level maser detector for ultra- 
microwaves proposed by one of the authors” 
is also closely related to the present case. 
However, the three-level maser spectrometer 
of this type differs from the three-level maser 
detector, since the former is intended to 
detect weak absorption using a large power 
at the frequency vy», while the latter is to 
detect a small power using the strong absorp- 
tion at the pumping frequency. 


§3. Experimental Results on HDCO 


A number of three-level systems can be 
found in the energy levels of molecules. A 
three-level gas maser of formaldehyde-d,, 
HDCO, was experimentally investigated for 
spectroscopic purposes. The microwave 
spectrum of HDCO has been studied in our 
laboratory®»® and a fairly complete report by 
T. Oka will be published in near future. 
Since the molecular axis of HDCO differs 
from the inertia axis by some angle, the 
component of electric dipole moment along 
the b-axis enables one to observe 6b-type 
transition which are absent in H.,CO and 
D.CO. In order to use the b-type transition 
for the study of molecular structure a search 
for a b-type transition, 393-212, was carried 
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out, but resulted in a doubtful assignment 
because the molecular constants determined 
from a-type transitions were not accurate 
enough to discriminate spectral lines of other 
rotational states or those due to impurities. 
This R°-type transition, 303212, constitute a 
three-level system with a strong Q4-type 
transition, 2<-2.2, as shown in Fig. 3. 


a 


\ 
\ 
| 
\ 
Fig. 2. Molecular structure of HDCO. a and b 
represent the principal axes of inertia. 


hvp ( R*—type) 


Avs (Q*%-type) 


Fig. 3. A three-level energy diagram of HDCO 


Therefore a definitive assigning of the R- 
type transition was intended by the effect of 
its pumping action on the Q*-type transition, 
211-212. Another purpose of the experiment 
on this level system was to investigate the 
sensitivity consideration of the three-level 
spectrometer as described in §2. There is a 
large difference of absorption coefficient 
between two allowed transitions, since the 
component of dipole moment on the b-axis is 
much smaller than that on the a-axis. Namely, 
by using the strong transition, 21-21, as a 
detecting transition, the weak transition, 
303-212, Was expected to be observed with 
better signal to noise ratio. 
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The frequencies, the components of electric 
dipole moment, the squares of the dipole 
matrix elements, and the calculated absorp- 
tion coefficients in thermal equilibrium at 
room temperature of the two transitions, 


303-212 and 2n<-2i2, are listed in Table I. 
Table I. A set of three-level transitions in 
HDCO 
pumping signal 
transition So3s—-212 211212 
frequency (Mc) 34916.4 16038 .06 
component of the dipole 2 ao 
moment (Debye) Hy = 0.21 Ha = 2.30 
square of the dipole matrix | 
element (Debye?) fp 0.0088 0.88 
absorption coefficient* | 1.9x10-8 | 3.7%10-5 
(cm-*) 


* calculated under the assumptions of 4dv=10 Mc/ 
mmHg and 100% purity. 


From the values in Table I the expected 
increase of sensitivity, |4as|/ap), in observing 
the transition, 353-212, was calculated as a 
function of P, and 4y as shown in Fig. 4. 
It may be seen from the figure that one can 
easily obtain a large increase of sensitivity 
by the use of the pumping power of the 
order of several ten milliwatts which is easily 
attainable by a commercially available 
klystron. 

Fig. 5 shows a block diagram of the ex- 
perimental setup of a three-level spectrometer. 
The absorption cell is made of a K-band 
waveguide of 1 meter length, with the cross 
section of 10.7mmx4.3mm I.D., in which 
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the usual Stark electrode is inserted. 


to increase the pumping effect, it is preferable _ 


to use the waveguide of smaller cross-sectional 


area, as long as the signal frequency is above | 


the cut-off frequency of the waveguide. 


Gaseous sample was obtained by heating | 


powdered paraformaldehyde-d,; of about 90% 
purity. 
reduce the line-width so as to increase the 
pumping effect. But the line-width is limited 


by the broadening due to the wall collision 


0,1 


0.2 0304 060810 . 
av’ (MC) 


20 

Fig. 4. Calculated increase of sensitivity, | Aas! Jano, 
as a function of line-width, Ay, and pumping 
power, P,/S, in observing the transition 3)3<219 
of HDCO by the three-level maser technique. 
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Fig. 5. Block diagram of the three-level microwave spectrometer. 


In order | 


The gas pressure must be low to 
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former method is appropriate. 


by two methods. 


| and the Doppler effect which are calculated 
|as 19kc for the cell used and 39kc for the 
frequency, 35Gc, respectively. 


The signal power was supplied by a crystal 
doubler driven by a 2K25 klystron, and the 
strong pumping power was delivered by a 
35V10 milimeter-wave klystron. In order to 
prevent the pumping power from entering the 
detector, a filter made of a rectangular cavity 
with Q~800 is placed between the cell and 
the detector. The pumping power is moni- 
tored by a crystal detector in an auxiliary 
waveguide. 

The three-level maser action can be observed 
For one case, the signal 
frequency is fixed and the pumping frequency 
is swept; and for the other case, the signal 
frequency is swept. For the spectroscopic 
purpose to detect the pumping transition, the 
The experi- 


mental study was carried out in this case. A 
- Square-wave Stark modulation at a frequency 


of 35kc was employed to observe the change 
of absorption at the signal frequency due to 
pumping. The signal frequency was fixed at 
the center of the line, vs, by monitoring a 
maximum amplitude of the 35kc amplifier 
output on the screen of C.R.O.-Il. An auto- 
matic frequency control of the signal frequency 
might be desirable, but it was not necessary 
for a short time observation. 

Now, the three-level maser action was 


observed, when the pumping frequency was 


swept in a certain range including the correct 
frequency of the transition, 303-2i2. This 
was explicitly displayed on the screen of 


Fig. 6. Three-level maser action in HDCO display- 
ed on an oscilloscope screen. The ordinate 
shows absorption intensity at the center of the 
transtion 2,,<2,, and the abscissa represents 
the change of pumping frequency including the 
transition frequency of 3)3<-2)2. 
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C.R.O.-II as shown in Fig. 6, where the 
horizontal axis represents the change of 
pumping frequency. The dip in the figure 
which indicates the decrease of absorption 
coefficient at the center of the signal transition, 
211-2;2, Occurs at the expected frequency of 
34916.4 Mc. Thus the b-type transition, 3)3— 
212, has been definitely assigned. The dip 
increased, of course, with decreasing line- 
width and with increasing pumping power. 
About 80% decrease of the absorption coef- 
ficient could be obserbed with the pumping 
power of 60 milliwatts. With more power, 
one might observe the induced emission. 


Fig. 7. Spectral line of the pumping transition, 
3o3<-212, of HDCO detected by the change of the 
signal transition, 2,;<-2). 


After a phase sensitive detector with a low 
pass filter, a spectral line was obtained with 
a very good signal to noise ratio on the 
screen of C.R.O.-I as shown in Fig. 7. This 
is the pumping transition, 393-212, detected 
by the absorption change of the signal transi- 
tion, 211-212. The signal to noise ratio of the 
303-212 line obtained by this method was 
found to be better by about 10 times than 
that observed directly in the same absorption 
cell with a conventional method. This is 
considered as a verification of the sensitivity 
of the three-level spectrometer. 

The three-level maser action was also 
observed by the other method with the fixed 
pumping frequency and the swept signal 
frequency. However, the stable measurement 
was difficult because of the frequency insta- 
bility of the klystron at the pumping frequen- 
cy. 

Now, the theoretical formulae (1) and (2) 
can be compared with experimental results 
by plotting a@s/as. versus Py or dy. The 
experimental values a@s/a@s) can be obtained 
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immediately from Fig. 6, and shown in Fig. 
8. The line-width, 4y, was varied by chang- 
ing the gas pressure and the pumping power, 
Po, was constant to nearly 60 milliwatts. 
Theoretical curves were calculated for the 
power and v,=0.84c. The agreement between 
the quantum mechanical theory and the 
experiment seems to be good within the ex- 
perimental accuracy. It is noted that the 
curve of the semi-classical theory deviates 
considerably from the observed values. 


—_—— 
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Fig. 8. Relative change of absorption coefficient 
at the center of transition 2;;< 1, by the pump- 
ing of transition 393<21, in HDCO. 
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§4. Concluding Remarks 


The application of three-level maser techni; 
que to microwave spectroscopy was discussek 
and a successful experiment on HDCO molecule: 
was described. There are many three-level 
systems of molecules for which the present! 
technique can be applied, because for spectre- 
scopic purposes the method is not restricted: 
to the level scheme of Fig. 1 as mentioned 
before. For the cases of more complicated 
spectra where the hyperfine structure an 
the effect of internal motions are present, or 
the isotopically substituted molecules and som 
unknown impurities are present among th 
molecules under study, the method described 
here may also be applied effectively in identi- 
fying some paticular lines. 

To use the three-level system of gas as an 
amplifier, the required conditions are, of 
course, much more severe. A A-type doublin 
transition of an asymmetric top molecul 
may be used at the signal and a transition 
of 4J=+1 as pumping for that purpose.. 
Several examples which are estimated to) 
exhibit a relatively intense induced emission 
power with the pumping frequency of below) 


x observed point for P)=60 mW ; : 
- -- theoretical curve of Eq. (1) (semi-classical) 100 Ge are listed in Table I. | 
—. theoretical curve of Eq. (2) (quantum-mecha- Further investigation on the quantum) 
nical) mechanical behavior of the three-level maser; 
Table Il. Three-level systems in which appreciable net induced emission is expected. 
Z i A. 
eaeotgate @) C) (4) 6) 
| 
molecule | HDS HDO HDCO | HDCO HDCO 
pumping 2250-3053 431<52,4 | Sos 2n2 71,6 6055 122,19—-113,9 
signal 22,0 2251 43,143,2 | 21,1 21,2 62,4 62,5 113,s—113.9 
Yy* (Mc) 28.8 x 103 62.4 x 108 34916.4 Zo OoaLO® 27.1103 
vgs (Mc) 11283 .83 5702.78 | 16038.06 | 8922.6 5702.6 
—s,max. (mW/cm?) 4.6x 10-8 1.4x10-5 | 6.0x 10-8 | 4.5x10-® | 3.5x10-8 
P,,opt. (mW /cm?) 980 4.6 87 | 140 120 


* The values of v, have not been measured except 


~@s,max is the maximum intensity of net induced emission expressed as negative absorption coefficient | 
at room temperature; and Po,opt is the optimum pumping power of the plane wave per unit area | 
giving maximum net induced emission when the line- 


needs stronger pumping. Experimental studi- 
es on three-level systems of other molecules 
are in progress. 

The authors are indebted to Mr. T. Oka 
for his helpful discussions and informations 
on the microwave spectrum of HDCO. 


ing the case of (3). 


width 4y is 100 ke. 
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Monte Carlo Calculations of Motion of Electrons in Helium 


By Tomizo ITOH and Toshimitsu MUSHA 


Electrical Communication Laboratory, Musashino-shi, Tokyo 


Monte Carlo calculations are performed with an electronic computor to 
investigate the behavior of electrons in helium gas in a uniform electric 
field. The ionization and excitation coefficients and the drift velocities 
of electrons in helium for £'/)=40, 80 and 160 v/em/mmHg are obtained. 
The velocity distributions of electrons are also calculated. 


Introduction 


For an _ investigation of an_ electrical 
discharge in a gas, it is important to know 
the behavior of electrons in an electric field. 
The fundamental quantities such as ionization 
and excitation coefficients and the velocity 
distribution of electrons were calculated ap- 
proximately by other workers only when an 
electric field is uniform and/or weak?»»*), 
The present work is performed in the hope 
to offer a new method of calculation applica- 
ble to the case of strong and/or non-uniform 
electric fields which often appear in actual 
discharges in gases. 

The essential feature of the gas discharge 
phenomena consists in the motion of charged 
particles and the mutual interaction among 
the particles, i.e., electrons, ions, and neutral 
molecules. When the charged-particle density 
is very low compared with that of the gas 
molecules, only two-body collisions between 
an electron and a neutral molecule become 
important. In such a case, if we take one 
electron in the gas and trace its orbit with 
an electronic computing machine considering 
the influence of an electric field and electron- 
molecule collisions, information on the funda- 
mental quantities of the discharges may be 
obtained. 

In this paper a Monte Carlo method is 


presented for calculating the motion of elect- 
rons in a static uniform electric field; and 
its application to helium is described. 


§2. Method of the Calculation 


In a uniform electric field E an electron 
moves on a parabolic orbit until it collides 
with a gas molecule. The kinetic energy 
which the electron gains in the electric field 
is lost in collisions. In the case of large 
E/Po (bo is the gas pressure at 0°C), the rate 
of energy lost in elastic collisions is negligible 
compared with that in inelastic ones?®. We 
assume, therefore, that in an elastic collision 
an electron is scattered by a gas molecule 
with its kinetic energy unchanged. On the 
other hand, when it excites or ionizes a gas 
molecule in a collision it loses a certain 
amount of energy corresponding to the excita- 
tion or the ionization potential of the gas 
molecule respectively, changing its direction 
of motion. In the latter case another electron 
is deprived of the gas molecule and a part of 
the energy of the primary electron is shared 
with the secondary one. After the ionizing 
collision either of two electrons may be trace 
thereafter. Consequently we select one arbi- 
trarily here. 

As to the angle of scattering, it is assumed 
to distribute isotropically in any kind of col- 
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lision. This assumption has to be introduced 
from the memory capacity of our computing 
machine. 


2.1 Decision of the Collision Occurrence 

In a Monte Carlo calculation dealing with a 
problem of neutron passage in a medium, a 
free path length of a neutron is determined 
by a simple exponential law with a random 
number since the particle does not change its 
kinetic energy in the flight. Regarding an 
electron accelerated in an electric field, 
however, another method must be employed 
to decide a collision occurrence because the 
collision cross section of a gas molecule for 
an electron varies with the electron energy. 
The method adopted here is as follows: 

The probability P that an electron collides 
with gas molecule in the small distance dx 
along its path is expressed as 

P=disi, (1) 
where 4 is the mean free path of the electron 
dependent on the electron energy. Suppose 
that the orbit of an electron in an electric 
field is divided into small sections, then the 
probability that the electron collides with gas 
molecules in each section can be calculated 
from 2. On the contrary when the probability 
has been given previously the length of each 
section / is computed from Eq. (1) provided 
p<i. The smaller / is, the longer the calcula- 
tion time becomes while we have better 
approximation. Hence we give the probability 
0.1 to each section so that /=0.14 in appro- 
ximation. The mean free path 4 of an 
electron in helium at 0°C and 1mmHg is 
calculated for any electron energy from the 
formula which is a good approximation to the 
observed: values». In every section, whether 
the electron coilides or not is decided by a 
pseudo-random number gq provided by a 
subroutine (taking the middle part of the 
square of the preceding random number) 
stored in our computing machine. Since q 
takes a value between 0 and 1 arbitrarily the 
probability that q falls on the interval from 
0 to 0.1 is equal to the collision probability of 
the electron in each section. Consequently 
when q falls between 0 and 0.1 the electron 
is judged to collide with a gas molecule in 
the section. If a collision does not occur 
after such a decision, the length of the next 
section is calculated, and a decision of collision 
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occurrence will be given again. The procedu+ | 
re described above is repeated unitil a collision | 
occurs. i 
2.2 Calculation of Particle Parameters 
The coordinate axis z being set antiparatlel! 
to the electric field, the state of the motion) 
of an electron is specified by its speed V, the? 
direction cosine cos@, where @ is the angle? 
made by the line of flight with the z axis,, 
and the time ¢. If an electron is in a state: 
(V, cos@, z, t) it will take, after a flight: 
along the orbit by a length /, a new state: 
(V’, cos 0’, z+4z, t+4t). These parameters} 
are connected by the following relations: 


V’ sind’= V sind (2) 
mV’ cos0’=mV cosé+eE4t (3) | 
=m WS =m V2+eEdz (4). 


where m and -e are the mass and the electric 
charge of the electron, respectively; 4z is the 
projection of 7 on the z axis. The exact 
expression of 4z as a function of / is com- 
plicated containing terms of a logarithm and 
square roots. The calculation of such terms | 
with the computing machine requires relatively | 
long time and, moreover, 4z must be calculat- 
ed in each small section, so that it is suitable 
to be expressed approximately as (see Fig. 1) 


(5) 


4z=Icos0. 


orbit of an electron 


Fig. 1. Illustration of the tangential approxima- 
tion. The length J of the electron flight is 
measured on a tangent at each dividing point of 
the orbit of an electron. 


2.3 Decision of the Kind of Collisions 
Whenever a collision occurs the kind of 
collision has to be decided. In the present 
work for helium the electron-atom collisions 
are classified in four kinds, i.e., that of electric, 
ionizing, exciting to the metastable state 2°S,, 
and exciting to the other levels. The three 
kinds of inelastic-collision probabilities P per 
lcm of the electron flight are calculated for 
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Table I. Values of the constants in eq. (5) for three kinds of inelastic collisions. 

Kind of collisions A (ev?) B(eV-cm)-1 C (cm-!) &q (ev) 
Excit. to the 23S, level 2.50 10-1 1.09 x 10-1 Selltleal Dee 19.8 
Excit. to the other levels 1.85 x 103 6.88 x 10! 0 19.0 
Ionization 4.90 x 108 LPO? 0 24.46 


any electron energy €& according to the 

| formulas which approximate the experimental 

| results» up to the electron energy of 100 eV. 

These formulas are expressed in the form 
_ B(E—&p) 

A+(€—&))? 
where A, B, C and & are constants depend- 
ent on the kind of collision. Table I lists 
these constants for helium. In Fig. 2 the 
experimental data and the values calculated 
from Eq. (6) for the ionizing collision are 
shown. 
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Fig. 2. Ionization ‘‘probability’’ of electrons in 
helium. 
Table II. Excited levels of the helium atom with 
relatively large excitation cross sections. 
State Excitation energy (ev) 
21So 20.6 
2P, 20.9 
2'P, Die, 
3'P; Pascal 
Average 21.45 


The values of energy loss of an electron 
in an exciting collision in helium are 19.8 ev 
to the metastable 23S, level and 21.4 ev to the 
other excitation levels; the latter is the 
average value over four levels which have 
relatively large cross sections (Table II). In 


an ionizing collision the energy loss is not 
definite since a part of the energy of the 
primary electron is shared with the secondary 
one. The energy distribution of electrons 
produced in ionizing collisions of 100 ev incid- 
ent electrons with helium were measured by 
Goodrich”? (Fig. 3). Such a distribution is 
assumed to hold in the other incident electron 
energy. Immediately after an ionizing collision 
the energy of an electron is determined by a 
random number submitting to such a distribu- 
tion. 


Number per unit energy range 


O 20 40 60 
Electron energy (ev) 


Fig. 3. Energy distribution of electrons produced 
in ionizing collisions of 100 volt electrons with 
helium as observed by Goodrich. 
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As previously stated when a random number 
q takes any value between 0 and 0.1 we 
consider that an electron collides with a gas 
molecule. If the electron energy is less than 
the lowest excitation energy (19.8ev of the 
2°S, level) it must be an elastic collision. When 
the electron has enough energy to excite this 
level the excitation-collision probability Pmet 
to this level in this small section / is calculat- 
ed from Eq. (6) and compared with g. In 
case g<Pmet occurs an excitation to this level, 
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When g>Pmet the excitation-collision proba- 
bility Pexe to the other levels is to be calculat- 
ed provided that the electron energy is more 
than 21.45 ev, and this kind of excitation is 
considered to occur for q<Pnet+Pexe. Con- 
trarily when the electron energy is less than 
21.45 ev it must be an elastic collision. The 
similar process for ionization collision is 
repeated g>Pmet+Pexe. If we have qg>Pmet 
+Pexe+Pion, where Pion is the probability 
of ionizing collision in the section, this means 
an elastic collision (see Fig. 4). 

Thus decided the kind of collision, the 
speed V’’ and the direction cosine cos 0” 
after the collision are computed from the 
angle of scattering and the loss of the electron 
energy. The scattering angle (and also the 
electron energy in case of an ionizing collision) 


Calculation of a 
scattering angle 


Elastic collision 


Electron energy —24.58ev 


&) 
Prett Pexct Pion~ 9 


Fig. 4. 
electric field. 


§3. Results 


As the calculation proceeds, the following 
data are punched out as the outputs of the 
computing machine. 

(a) V and cos @ sampled in the constant 

time interval rt. 

(b) z and ¢ at which an inelastic collision 

occurs with suitable marks to distinguish 

the kind of them. 
Appropriate statistical treatments of data (a) 
yield the veiocity distributions of electrons. 
The drift velocities, and the ionization and the 
excitation coefficients of electrons are derived 
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Excitation to 
the other levels 


(Vol. 15, 


is determined using another random number. } 


2.4 Velocity Distribution of Electrons 


As mentioned above, the motion of an | 
electron is traced throughout the calculations. | 


This electron can be taken arbitrarily among 


the ensemble of electrons under the same 

physical conditions. The values of the velocity | 
of one electron are sampled in every constant 
time interval t in the process of calculation. | 


As the whole system may be considered in 


stationary state, this sequence of samples . 


would be taken as an ensemble and, the 
ergodicity of the random process in the system 
being assumed, this new ensemble is statisti- 
cally equivalent to the original one. Based 


on such considerations the velocity distributions | 


of electrons are obtained. Fig. 4 shows the 
flow chart of the calculations. 


An electron is 
accelerated by E 


® 


= V and cos@ 
© 
Does a collision 
occur (q <0.1)? 


yes 


Excitation to 2 S| 


Calculation of a new state 


Flow chart of the Monte Carlo calculation of the motion of an electron in an 


from the data (b) in the following manner. 

The plots of z versus ¢ are on a nearly 
straight line whose slope z/t gives the drift 
velocity of an electron. The ionization coef- 
ficient a is defined as 


a=lim Ni(z)/z (7) 
where Ni(z) is the number of ionization col- 
lisions that occur during the electron flight 
from z=0 to z=z. Calculated values of 
Ni({z)/z versus z in the case of E/p)=80 v/cm/ 
mmHg are shown in Fig. 5. As seen in this 
figure values of MNi(z)/z scatter widely for 


| 
| 


1960) 


value as z increases. 
we take as a a value of Ni(z)/z at the largest 
2, whose deviation from the limiting value 


In the present work 


Nj E=80 v/cem 
Vee P= ImmHg 


2, 
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09°02 Po 
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Fig. 5. The number of ionizations per em aver- 
aged over the distance z of the electron drift. 


--- by Kihora's fomula 


© Gill & Pidduck (1908) 
4 Gill & Pidduck (1912) 
x Townsend & McCollum, 
— this work 


Ionization coefficient 


° 50 100 150 200 
* E/p, (v/em/ mmHg) 
Fig. 6. lonization coefficients of electrons in 
helium vs. H/o with the observed and calculated 
values by other workers. 


calculation by 
Corrigan & 


E/p, (v/em/mmHa) 


Fig. 7. Coefficients of ionization and excitation. 
The excitation coefficient to the 23S, metastable 
level is plotted separately, and the results cal- 
culated by Corrigan & von Engel for 10 of E'/ po 
are also plotted which are connected with the 
results of this work by broken lines. 


Monte Carlo Calculations of Motion of Electrons in Helium 
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would be within few percents. The excitation 
coefficients are treated in the same way. 
The ratios of a to the gas pressure fo are 
plotted against E/po in Fig. 6. In this figure 
the experimental values by other workers” 
and calculated values from Kihara’s®) formula 
(9.5) are shown. In Fig 7 the coefficients of 
ionization and excitation to the metastable 
level 2°S; and to the other levels are shown. 


10° ° By the Monte Carlo calculations 
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a © Observed values 

E by Phelps et al. 
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Fig. 8. Drift velocity of electrons in helium. 


—E/p,= 40 v/em/mmHg 
ae 80 


Fig. 9. Velocity distributions of electrons in 
helium. The inner contour denotes the density 
three times as much as that of the outer one. 


For comparison the calculated values by 
Corrigan and von Engel?) in the low E|po 
region making use of the energy distributions 
of electrons calculated theoretically by Smit” 
are also illustrated in this figure. The ex- 
citation coefficient of helium in high E/fo has 
not yet been calculated or measured by other 
workers. The drift velocity of an electron in 
helium is plotted in Fig. 8 against E|po 
together with the observed values by Phelps 
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et al. The drift velocity increases nearly 
proportionally to E/po. Fig. 9 is the velocity 
distributians of electrons each of which is 
compiled from about 15000 data. 
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throughout this investigation. We also wish 
to thank Dr. Z. Kiyasu and Dr. T. Shindo 
for many fruitful discussions and suggestions, 
and to members of the electronic computor 
group in our laboratory for their technical 
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The recurrence formulae for the cardinal elements of a multistage 
accelerator tube are derived. The calculated results for an equidiameter 
cylinder lens obtained by the consecutive applications of the formulae 
are not so different from those obtained by assuming a uniform accelera- 
tion and still show the appreciable deviations from the experimental data. 
The errors would, therefore, become large, unless the experimental 
values are used for the cardinal elements of an individual accelerating 
lens on which the calculation for multistage accelerator tube is based. 
As an example, the cardinal elements for a 12-stage accelerator tube is 
shown The comparison with those obtained by the assumption of a 
uniform acceleration shows that the latter results are not satisfactorily 


accurate for such a multistage accelerator. 


§1. Introduction 


The rectilinear multistage accelerator made 
up of many cylindrical accelerating electrodes 
has been used frequently because of its sim- 
plicity of mechanical construction. The ion 
optics for this case has, however, been in- 
vestigated, by assuming that the electric field 
in the accelerator is uniform,»”) or by the 
consecutive multiplications of lens matrices.® 
In the former method, the results deviate 
considerably from practice, if the appreciable 


lengths of field free spaces exist between the 
accelerating gaps, whereas the latter method 
is much cumbrous. To solve these difficulties, 
we have found the recurrence formulae for 
the cardinal elements of the accelerating 
system and have succeeded in obtaining the 
ion optical characteristics accurately and com- 
paratively simply. 


§2. Method of Calculation 
It is assumed that the electric potential dis- 


| 1960) 


| tribution in the accelerating system can be 
represented schematically as shown in Fig. 1. 
The potential in this case is taken relative to 
| zero potential at zero ion kinetic energy (nega- 
tive for positive ions). 

We denote here as follows (see Fig. 2). 


i-| th i th i th 1+1 th 
Electrode Gap Electrode Gap 


' { 


| 
| 
| 
: 
! 
i} 
| | | 
| 
= | | | 
= | | I ! | 
c : } ! | ! 
o | | ! | 
ao H t | ! ! 
©: 1 | ! 
= 
{ 
— ace ax 
\ : | ! 
| — Kitab Kite Ki tases Kier 
! 1 
Fig. 1. Potential distribution in an accelerating 
system. 


Ist end 
Gap 


Fig. 2. Cardinal elements. H and H’ are the 
principal plane in the source space side and 
image space side respectively. The shaded 
portions show the space where an electric field 
is applied. 


Ki: the length of the 7-th space where an 
electric field is applied, 

K’;: the length of the field free space be- 
tween the 7-th and (¢+1)-th gaps, 

Vi: the potential of the 7-th electrode, 


M=Vi/Vi-1: the ratio of potential of the 7- 
th and (¢—1)-th electrodes, 
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Fi, F%Q: the distance of the focal point of the 
i-th gap lens from the i-th gap field boundary 
in the source space side and image space 
side respectively, 


Si, fi: the focal length of the i-th gap lens 
in the source space side and image space 
side respectively, 


F, F’®: the distance of the focal point of 
the system composed of the first 7 gap lenses 
and 7 field free spaces, from the lens 
boundary in the source space side and 
image space side respectively, 


Ff, f/™: the focal length of the system 
composed of the first z gap lenses and 7 
field free spaces, in the source space side 
and image space side respectively, 

Aj: the lens matrix of the system composed 
of the 7-th gap and the 7-th field free space, 

A™: the lens matrix of the system com- 
posed of the first z gap lenses and 7 field 
free spaces, 


Di: the determinant of Ai, 

and 

D®: the determinant of A. 

(a) Recurrence formulae for f and f’“ 


According to U. Timm,® the lens matrix 
of the z-th gap is 


Fo fifi-Fi ks 4 
hee oa 
1 F; | 
alee fi 
where 
EG : 4 Ni Ne? —3) 
ie 3 (Ni-—1) (N81) ’ 
F; 4 3 N21 
Ki 3 (M—-1)(N}?-1) ’ (1) 
fi 8 Ni \ 
_Ki 3 (M-)D(WH?-1) ’ 
ti 8 Ni? 
Ki 3 (Ni—1) (NA) * 


in the case of a uniform field. 
Whereas, the matrix for the field free space 


1S 
[ 1 K's ] 
0 1 


Hence, the matrix A: becomes 
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Fy fifi-FiF’s 
Lip K's fi fat 
=| 0 1 |x - I: Fy; 
fs f% 
Fu-K fifu-PiFot Kk 
mala ah he (2) 
ae 1 F; 
yif ifhG 
And the determinant of lens matrix is 
Di=|Ail=filf’s . (3) 
Furthermore, 
AO = Ay Aina. o3Ai (4) 
Then, D® is given as 
Dom flO (f= De Dizr.. 525i 
ied (tckeiteaed 2 
= 5 
ye ee es ee 
Next, we consider and f’©,, heErom 
Eq. (4), 
ay© a1. 
AVM= = A;- A“-» 
ee ‘wel 
Fu-K fifi—FiFotK ik: 
aly Hak, ¢ Jo 
wt | F; 
P% ae 
ai") qy,%-) 
rit « 
Ay1t-) Qx_,%-) ; 
and 
a19=Fo/fo (7) 
an =—1f , (8) 
A2%= FOO , (9) 
Therefore, 
PO 
PO eon 
4 ffi- Pith | ed 
Oe me LO) 
Gites (é-1) ree Ca. CEH 


f% 
Substituting au%- of Eg. (11) into Eq. (10), 
we obtain 


an = —(F— Kaa + fide», (12) 
Replacing 7 by i—1, 
ay, %-» a= —(F’5_; = K’t-1)da1%—) Hite atiaa > ‘ (13) 


Eliminating aii“-Y from Eqs. (11) and (13), 
we get 


M. SEKI and Y. WAKUTA 


-— Adie me ae fies OE aig 
where GE ee RARE! : 
By Eq. (9), Eq. (14) becomes 
igse) Byallol ital 
fo 4 fen fr : 
This is the recurrence formula for f’™. 


Expressing f’ by f™ by Eq. (5), we obtain 
as the recurrence formula for f™: 


fi Ai-1 Pees a 
fo a fen ~ fd-a * (17) 
(b) Recurrence formula for F® and F’® 
By Eqs. (7) and (8), Eqs. (11) and (12) 
become 
prae ie 
fie FOR 
7 (4) 
F/O=F4—-K’s ire ee 


Substituting the former equation into the 
latter one, we obtain the recurrence formula 
for FO; 
ea 
Bae,“ 
The above equation can also be written as | 
follows: 


Pak oe ae (18) 


F’®=F4—K’ = EN ee 
=F’,—K’; 
at Sif 
Ai-1— foals 


Ait FO) —(F — Kea) 
Therefore, FF’ can be expressed finally as 
the following continued fraction: 


/ 7 Wei ev) ett 
(4) — ra, fe 
F F’;—K ae Ase = 
5 ee a iit of (19) 


Next, we consider F. From Eq. (6), the 
following equations are obtained: 


Ei Ki 


a= : Aig!) 
t 
ef Fifi ae + Ki Fi Pee (20) 
A229 = — @-2) 4 Fp ea 3 (21) 


Replacing z by i—1 in Eq. (20) and substitut- 
ing into Eq. (21), we obtain 
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1 
Ao, 2 hi 55 F; Qx_%-) —fi-1 Q2_*—) 
a 


12?) Fi-i 


—(F’;_:—K%_1)| - a i-2) 
(Fi K", o( Geel TP sy 


1 A 
= abe G22") —fy_y an | 3 (22) 
By Eq. (9), this equation becomes 
Fo if Fu-» F-® 
f/@ a fe Ee few ahaa (23) 


This is the recurrence formula for F“/f’®, 
_ As f’® can be obtained by the consecutive 
| applications of Eq. (16), F™ can easily be 
calculated from Eq. (23). 

Furthermore, we put 


Do flak 621 ef. Qo ; 
q® =f cad hes sf fi! da”. 
Substituting these equations into Eqs. (14) and 
(22), and cancelling denominators, we obtain 
pO =A pV — fia fis pO 7 
gq? =As-1 gh —f' i fas Qt . 
By the theorem about the continued fraction, 


the above equations mean that F” can be 
expressed as the following continued fraction: 


(24) 


(25) 


pe FEP ro Fate 
HEaaae Bar SAA Asa 
Fir ft-1 
E iiag ie (26) 


Eqs. (19) and (26) may be used to obtain 
directly the values of F’ and F™. 


(c) Newton’s formula 

If the number of accelerating stages is 7, 
the relation between the source and image is 
given by the following Newton’s formula: 


(S—F) (I-F/™) =f f/m (27) 
where S and J are the distance of source and 


image from the lens boundary respectively. 
The magnification can be expressed as 


M=—(—F’™)/f/™, (28) 
It is necessary to make the value of M as 
small as possible, if a well-defined small spot 
of accelerated beam is required on a target. 


§3. Applications 

In order to calculate the ion optical charac- 
teristics of a multistage accelerator tube, the 
cardinal elements of individual accelerating 
lens must be known. However, there are 
very few experimental data except those by 
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K. Spangenberg and L. M. Field”, in which 
the cardinal elements of equidiameter cylinder 
lens are given against the voltage ratio N for 
several values of the gap spacing. These re- 
sults show the considerable deviations especial- 
ly for the cases of smaller voltage ratio and 
larger gap spacing from those calculated by 
the assumption that the electric field is uni- 
form and protrudes by half the cylinder dia- 
meter into both electrodes. Therefore, we 
try to improve the approximation by the con- 
secutive applications of our recurrence for- 
mulae obtained above. 

At first, we assume that the potential dis- 
tribution along the axis of the lens composed 
of two coaxial equidiameter cylinders is given 
by® 


Vox mnt 
i. Vo—Vi IGS (g+S/2)/R (29) 


2.6304 S/R °8 1.3152 (z—S/2)/R ’ 
where R is the cylinder diameter, S is the 
gap spacing between the two cylinders and 
the coordinate z is taken along the axis from 
the center of gap. The whole range of z is 


Table I. The cardinal elements of the lens 
composed of two coaxial equidiameter 
cylinders for the case of S=2R. 


Calculated 
Calculated by the z 
Cardinal = y by the assumption Meconat 
elements recurrence of a single yanieea 
formulae. uniform p 
field. 

4 eo (fall 13.6 

6 3.6 BES) 5.8 

Ws 8 2.6 2.4 3.0 

10 Paik lag a?) 

4 14.5 14.2 25.0 

6 8.9 8.8 13.4 

/ 

Lies 8 as 6.7 8.9 
10 6.5 Heo: 6.8 

iia. 8.0 8.9 14,4* 

6 Sal 4.7 5.7% 

ait 8 1.9 Sail 2.6% 
10 ilo Vass bes 

+ (hots ait 18.0* 

6 356 Df 8.2% 

/ 

es 8 0.68 0.57 4.0% 
10 —0.84 —0.44 2.1% 


* These are derived from the original values, 
assuming that the field boundaries are at the 
distance of 2R from the center of gap. 
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divided into a large number of small intervals, 
in which the field is taken to be uniform and 
the potential distribution given by Eq. (29) is 
replaced by a sequence of such uniform fields. 
The cardinal elements of each interval are 
calculated by Eq. (1). Then, the cardinal ele- 
ments for the whole lens can be obtained by 
the consecutive applications of Eqs. (16), (17), 
(18) and (23), taking K’=0. The calculated 
results do not show any appreciable improve- 
ment as shown in Table I, in which the com- 
parison for the case of S=2R is given as an 
example. The situation can not be improved, 
even if the higher order terms® are taken 


Fig. 3. Cardinal elements for our accelerator 
plotted against the ratio N of the energy of 
accelerated ions to that of incident ions. The 
accelerator consists of 12 coaxial equidiameter 
cylinders of 13.5cm in length and 3 cm in inner 
diameter. The gap spacings are 2.5cm. The 
case for a uniform acceleration is shown by the 
broken curves for the sake of comparison. 
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into account. The reasons can not yet be 
well explained. The errors would, therefore, i 
become large in calculating the cardinal ele- | 
ments of a multistage accelerator, unless the | 
experimental values are used for each accele- | 
rating lens. 

An example of the cardinal elements of a | 
multistage accelerator tube is shown in Fig. 
3, in which the calculated results for our 12- | 
stage Cockcroft accelerator are given. As the 
applied accelerating voltage is assumed to be 
divided equally on each gap, the cardinal ele-— 
ments depend only on the ratio N of the 
energy of accelerated ions to that of incident 
ions. The broken curves in the figure re- 
present the case in which a single uniform 
electric field is assumed in the accelerating 
system. Appreciable deviations are seen in 
f/K and f’/K for N<50, and in F/K and F’/K 
for the whole range of N. It is, therefore, 
clear that the calculation by the assumption 
of a uniform acceleration can not give satis- 
factorily accurate results in the case of such 
a multistage accelerator tube. 


References 


M. M. Elkind: Rev. Sci. Instr. 24 (1953) 129. 
W. Dahnick et al: Z. Naturforsch. 10a (1955) 
603. 

U. Timm: Z. Naturforsch. 10a (1955) 593. 
F.E. Terman: Radio Engineer’s Handbook 
(McGraw-Hill Book Co., Inc., New York, 1943) 
B22. 

S. Bertram: 
418. 

E. Bruche and O. Scherzer: Geometrische 
Hlektronenoptik (Springer-Verlag, Berlin, 1934). 


2) 


Proc. Inst. Radio Eng. 28 (1940) 


| 


| 
: 


JOURNAL OF, THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 9, SEPTEMBER, 1960 


Transport Coefficients of Plasmas in a Magnetic Field 


By Shobu KANEKO 
Department of Physics, Faculty of Science, 
University of Tokyo 
(Received June 4, 1960) 


The electric and the thermal conductivities, and the coefficient of the 
thermal diffusion of plasmas in a magnetic field are calculated under the 
assumption that the mass ratio mz/m, is considerably smaller than unity, 
where m,; and mz are masses of an ion and an electron, respectively. 


Thereby the terms of the order (m2/m1)® are retained considering the 
application to the deuterium plasma, but the higher order terms than 
those are neglected. For various strengths of the magnetic field, these 
coefficients are evaluated by the Chapman-Enskog method up to the 6th 
approximation, and the convergence of this method is examined. The 
probable error of our approximation varies from 0.1% to 10% with the 


strength of the magnetic field. 


§1. Introduction 

The investigation of the transport coeffi- 
cients of plasmas is an important problem of 
the plasma physics. To calculate these coef- 
ficients we need, in general, the velocity 
distribution function which satisfies the Boltz- 
mann equation. The electrical and thermal 
conductivites of plasmas have been calculated 


by many authors, i.e. Landshoff, Spitzer 
and Harm”, and Schirmer and Friedrich® 
when there is no magnetic field. In the 


- presence of a magnetic field, the calculations 


of these coefficients have been made by Cow- 

ling, Landshoff, Fradkin®, Braginskii”, 

Marshall®, and Kihara, Midzuno, and Kaneko”. 
Using the Chapman-Enskog method!” we 

calculate in this article these transport coef- 

ficients for various strengths of the magnetic 
field up to the 6th approximation, and examine 
the convergence of this method. In the 
absence of the magnetic field the calculation 
was also made by Landshoff” up to the 5th 
approximation under the same purpose. 

The following assumptions have been made 
in carrying through the calculations. 

(i) .The plasma is composed of one type of 
ions as species J and electrons as species 2. 
The particle mass, charge and number 
density of the ion will be denoted by mu, 
é,=Ze, and m respectively and those of the 
electron by mz, é2=—é, and mz. 

(ii) The plasma is charge neutral as a whole, 
i.e. Z1=MN2. 

(iii) Since the mass ratio, m:2/m,=M:, is 
considerably smaller than unity, we neglect 


the terms of the order M, or higher, but 
retain the terms of the order M,}/? consider- 
ing the practical application to the deuterium 
plasma. 
(iv) The plasma is so hot that the Coulomb 
logarithm, In (aa 
€\€2 
unity, where Jp is the Debye characteristic 


length and YT the temperature of the 
plasma. 

(v) The electric field EH, and the magnetic 
flux B are uniform in space. Both the field 
E and the temperature gradient —grad T 
are perpendicular to B. By this assumption 
it is sufficient to consider only the transport 
coefficients across the magnetic field. The 
transport coefficients along the magnetic 
field are the same as in the absence of the 
magnetic field. 


), is much larger than 


§2. Method of Calculation 

Since the Chapman-Enskog method used in 
this paper has been explained in detail by 
many authors’, only a short account will be 
given in this and the next section. 

For the treatment of conduction phenomena 
it is sufficient to look for the stationary veloc- 
ity distribution function. The velocity distri- 
bution function f; for particles of species 17, 
interacting with particles of species 7 is 
determined by the Boltzmann equation?” 


ett cE tlexp) 2 
E =| | (sete file’ \f (es) Filed f,(€5) i 


(1) 
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i 
where ¢; and ci’ are the velocities of a particle of species, Z before and after the colsiog a | 


Sethe angle of the orbit of relative motion, and c the velocity of light. | 
Supposing that the electric field E and the temperature gradient —grad T are small, the} 
distribution functions fi: are expanded as 


Ai=fhiOl1+ gi] , (2) § 
where fi® and ¢; are respectively the distribution functions in the equilibrium state and | | 


their distortion. The distribution functions fi are determined by | 


Se Of 
mic Oc: 
= S \\\ desgisbdbd € Etcorce at (Ase) | ‘ (3) 
= 


and solutions of these equations are the well-known Maxwell distributions; 


‘ 3/2 vo 
f;() = Se (- ~—) ” 
mi okt J. oRyee (4) 


where & is the Boltzmann constant. 
The distortions g: of the distribution functions which are of the order E and —grad T, are 
given as the solutions of following equations; 


f(5 —we) (ev grad In T)—fi£6, (er E)=— ft xx B- if 


2 Mic 0c: 
Ss [(\acseundbas fos, | eer) +e(e/)—ee) ws exes | (5) 
j=1 
where w; are the non-dimensional velocities a Ci. 


Because the left hand sides of the equations (5) have linear dependence on E and —grad T, 
the solutions g: may be written as 


gi=—D,-E—Ai;-grad1n T , (6) 


where the quantities D; and A: are vectors which involve only the vectors c: and B and 
scalars. Since B is a pseudo-vector, the independent true vectors which we need under the 
assumption (v) are w; and wixb (6=B/B). Then the vectors D; and A: can be written as 


A.=Aidw;+ Adlw:xb , 
Di= Diwit+ Dilwixb , (7) 
where the coefficients Ad, etc. are scalar functions of w.?, B®, and (wi: B)?. | 


Substituting the equations (6) and (7) into the equations (5), we obtain the equations for D 
and A as 


. Ci : 
SOTF ci=10iD;: fiw; 


9 


— \\ | dej;gisbdbd& fi f 5 | Dave’ + (Dies) —(Dao) —Daaws | ; (8) 


j=l 


: 5 : 
Si e —we Jec=1aiAi fi wi 


2 


ss \\ | ee: sgisbdbd& fi Fy9| (Aaey’ +(Agws) —(Aaw)—(A.t | (9) 


j=1 


) 


i 


| 


dj 
f 
f 
| 


| 
; 
: 
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.where we have used the complex notations, i.e. 


Di=DiEI+iDH , 
Ai=Ad+iAill , (10) 


and wi=eB/mic is the Larmer frequency of the species 7. 
First of all, we can derive a following relation between A and D from the equations (8) 
and (9) 


aft 


= RT [acne wi) fi Ar= = |e 3 = wi \(e wife Di. (11) 


Besides the equations (8) and (9), Di and A:, must satisfy a subsidiary condition that the 
plasma as a whole is at rest: 


D3 mi| de fev=0. (12) 
By substitution of the equations (2), (4), (6), and (7), this condition becomes 
= ni mi |dtowe-tw2D.=0 ‘ (12’) 
x ney/mi | dtwo-"?w? A= ‘ 
For convenience in later work, we introduce a system of orthogonal functions; 


ppyee 
SO=—-2 VMs Ssj(wx2) , Sa = S$ 3/0(a22) , 
mY mM, 


and for values of y greater than zero, 


S19 S32 (wi?) i S27=0 ; 


S.n=0, Sux P=SMan(we?) , (13) 


where S3/.(x) are Sonie’s polynomials of the order 34 whose orthogonal relation is 


["e*Snt” (x) Sini® (x)am™dx=0 for p>»<q (14) 


0 


=, Pont o+) for p=q. 


By use of this system of orthogonal functions we expand Di and A: as 


Di= s AMS ™ f (15) 
Av= Ss amsy™ , 
(16) 


where di =dim 4 ¢qum | 


gm = qm + 1quim) |, 


The equality of the coefficients of Si: and S, follows from the conditions (12’), which D 
and A must satisfy; it can easily be verified by substituting (15) and (16) into the equations 
(12’). The equations which determine the coefficients d” and a™ are obtained from the 


equations (8) and (9) by substituting the equations (15) and operating > | deus.” The 
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results are 


3 Ne [ aE Ne ide: SS | Amar (ww, we} fam ; 


2kT\ m, 

/ 1/2 | 
i eae ea Ge ae an | 
4 [ My 2 


co 


= > | ae Open +{wS™”, wm} fam j 


-0o 


where 

Tot. 
sito ( 2) for r>0 
r! 
Ve 
; 2m. © Prlte ? for r<0, ee 
Vr Ir|! 
and 


te Gia =| | || ewe gubaba Fe™(cv) fy) Files) 


| Gue’) + Cie) Gale) Ce) 
=n[F,Gh+n2?[P,G],+mim[PitF2, Git+Ge].2, (19) 


th, Gk=— = ||| \ceudeugundbas Fi (cr) fe (Ca) Pil€r) . 
Ni 


[Gi(ec’) + Giles’) —Gi(er) —Gil€a)] , 


[Fi +Fy, Git Gohie 
== rng |) | |dedenanbabae i (cx) fil (cx) [F(e)+ Flea 


NiN2 adhe 


[Gi(er’)+ G2(e2’) = Gi(e,)— Gr(e2)] , 


fl for m=n 
for msn. 


Om 2 


These equations (17) are infinite simultaneous linear equations, and can be solved approximately 
by taking , and m within some finite value. | 


§3. Transport Coefficients 


Among the electric current j, the reduced heat flow gq due to conduction, the electric field 
E, and the temperature gradient —grad|In T there exist the well-known linear relations”: 


q=—Ti gradin T+aj 
E= agradinT+o-. (20) 


Here 4 and o are respectively the thermal and electric conductivities and @ is the coefficient 
which represents the interference between the thermal and electric phenomena. These trans- 
port coefficients in a magnetic field are represented by tensors of the type,” 


I Bats ji 
i= (n a, (21) 


By definition, the electric current is written as 


for example. 
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J=> nea=> af dei fi gies 
id i 


jah Mea, (Sr) [aeons dl (6 x b)| 
yy M2 
| 2kT , 
he a ( es [a grad In T+-all® (6 x grad In 1), (22) 
2 


|where we have used equations (6), (7), (15), and (16). Hence the electric conductivity o and 
|the coefficient of the thermal diffusion gy are expressed as follows 


o=o!+ iol = =a (ae yrs d | (23) 
2 
g=o!+igl= ea ( =a inc : (24) 
2 


Biers the assumption (iii) has been used. 
In the same way the heat flow g* can be calculated as 
’ 


. 24 
G= be er micter= Sri dese fi 
. : 


u 


jal [ az ano (b x By +3 “fj 7 


2 


pool 2kT 
2 My 


+20 mkT( ae Ve [ae grad ln 7+al (6x grad In 1) | 


mtr 


4 a | ae grad In T+all-» (6x grad In r)| : 


2 


In this calculation we have used the relation (11) and the assumption (iii). Hence the reduced 


heat flow ee J may be written 
2 


q=—T |¢glif+¢(6x E)|—T Al grad in T—TAU (bx gradiInT) , 


where 


1/2 
ddl iili=— 2 nak( 2D ieee: - ee am | A (25) 


2 2 M1 


From these results we can see that only the coefficients d, a, a‘-? and a are needed to 
calculate the transport coefficients and are determined by the equations (17). These equations 


can be simplified by use of the assumption (iii). 
First of all we consider the collision integrals {wS”,wS'™}. By use of the definitions (19) 


these collision integrals become 


ni? [wiSi™, wiSi™ i+ ims [WiSi”, wiSi™ +W2S2™ Jis for r>0 


nin] — tv | (wi, wiSi™ js + Leos, wsSs his} 


mY Mm 
r mm) \ — 
Ele +[w,, W2S,)i2+[We, wSi™ | for r=0 (26) 
n?[ WS”, W2S2™ J2+in2[W2S2”, wiSi™ +W2S2™ 12 fon <0 


where we have used the conservation of the momentum: 


[ws, WiS'™ 3 (Wi?) c= 0 


ae A . | 
| 


1690 Shobu KANEKO (Vol. 15) 


Various collision integrals which appeared in the above equation (26) are calculated in Appendix: 
the results are 


w1S3/2, W1S3/2™ |1= Me/?[w2S3j2™, W2S3j2™ |2 , 
/ 

[w1S3/2, Ww1S3/2" ]12=O(Ma2) , (27) | 
[w1S3/2, W2S3/2"™ ]12= O(M2"*1/2) 


a, a», and a™ as follows 1 | 


0 
Orjo= DS {(h™ 8p ym ne [WeS2, W2S2™)2+11M2[W2S2™, WeS2™ Ji} d™ 


3 
2 m=—co 
(r<0) , (28) 


Nxe i >) se 
kT Mz 


1/ 0 
=F m( a eae >> {Nh br m+n? [W2S2™, W252" Jo+NiMe[WeS2™, W2S2™ }i2}a™ 
2 m=—oco 
(r<0) , (29) 


-7( 2kT yo a=m S [weS,”, W2S2™ |» gm (r=1) . (30> 
4\ mz m=1 
In the equations (30) the influence of the magnetic field to the motion of ions is neglectec.. 
Because, as can be easily seen from the equations (18) and (27), it is higher order, at least,, 
by M,}/2 compared with that of the ion-ion collisions and the contribution of the a” itself to 
the thermal conductivity 2 is of the order M21/2._ The equations (28) and (29) were used by’ 
Landshoff* to calculate the transport coefficients. 

For convenience we introduce the notations e™ and b™ by relations 


cae eh ee 
kT M2 é 


i —3( 2kT Vocab : 


M2 


where t is the mean collision time for electrons and is defined by 


(31) 


Leg 16 Gaye ee hE lp 
: 


TE g ilu, W2)e2=>M1 Ms RT 3) Le 


By use of these new notations transport coefficients are expressed by 


_ ne 0) 
oO Ms TG: ’ (32) | 
5R nyze 
v= Sta ae ch 2 (33) 
25 nok? T nm ( Mz \2 
p cme 2A AN M1 ( M2 (1) 
Fag | 58 Ba Pata) BN es 


and e, 6, bY) ane b® are determined by 


0 
> Eyme™ a 0, 90 (r <0) , (35) 
0 
2 Ermb™ = Ont (r <0) ’ (36) 
x Frmb™ =0r,1 (ez) ? (37) 


where 
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3 
4 WoT r(iri+=) 
rm = 3 1 rari mee res Ory + na[lw2S.'”, W282], +mi[wS,, WS2" Jy (38 
ae I7|! Ni[W, We) is ‘ ) 
Fyn = [w2S 5/2, W2S™s/2)a 
[We, We|i2 
The transport coefficient a, which is defined by the equation (20), is related to ¢ and ¢ by 
g—— 1 oo (39) 
hei glol+ gligil Bu) kT a 
(atoll)? mtn 2h 4 
i limrepi ll 
Bl ee EL ayes 
(ML(ol? 2 ¢ 
where 
| clo Li OPA) HUG eno 
) : {eli }24 {ello }2 “ (40) 
| ol) HU gl) — 110) gIs(0) 
’ (0) 3 © 
) {elO}2+ {ell} 
Table I. Computed values of eI) and ell) for the electric conductivity 
in a plasma with Z=1. 
el) 
~ M — a a = ee Sy Se ——— —oa = Some — —————————— ————— = 
ale 98 3 4 5 6 co *) 
0 1.93198 1.94986 1.96357 1.96930 1.97111 1.975 
0.2 1.55365 1.58748 1.59352 1.59811 1.60005 
0.5 0.79979 0.86014 0.86632 0.86747 0.86834 
10 0.34111 0.36036 0.37058 0.37264 0.37307 
2.0 0.13795 0.12456 0.12628 0.12841 0.12932 
4.0 0.04981 0.04272 0.03995 0.03945 0.03968 
6.0 0. 02482 0.02224 0.02047 0.01964 0.01941 
aS ell) # 1 
aa ne 1 fe z » Gonie a 1 
0 0.00000 0.00000 0.00000 0.00000 0.00000 
0.2 —0.74588 — 0.72881 — 0.73320 — 0.73623 — 0.73667 
0.5 —0.90260 — 0.91865 —0.91814 —0.91982 —0.92102 
10) —0.65513 —0.70249 —0.70660 — 0.70692 —0.70723 
2.0 — 0.39856 —(0.41910 —0.42778 — 0.43003 — 0.43038 
4.0 — 0.22808 — 0.22865 — 0.23128 — 0.23315 ~ 0.23407 
6.0 — 0.15807 — 0.15844 -0.15916 —0.15976 


— 0.15908 


*) Value calculated by 


§4. Results 


Following to Chapman and Enskog we cut 
off the matrices Eym and Fm beyond |r|, |7|= 
M to solve the equations (35), (36), and (37) 
and examine the convergence of this method 
by taking M=2, 3, 4,5, and 6. The simul- 


Spitzer and Harm, see reference 2). 


taneous linear equations so obtained are solved 
by the Parametron Computor PC-1 at the 
University of Tokyo. 

Considering the application to the deuterium 
or tritium plasma which plays an important 
role in the thermonuclear fusion devices, we 
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Table II. Computed values of DI and 611) for the coefficient of thermal 
diffusion in a plasma with Z=1. 


HI) 
M | 2 3 4 5 A 
@2T Sn £3 ee : eros ee a ee -_ ead > aa 
0 | 0.62182 —(56455.". on-0.56073./yeesseers | =O 55772 9 - 0.5505 
0.2 0.46855  —0.37820 —0.37466  —0.37482  —0.37386 
0.5 _0.16740 0.09710  —0.08844 —0.08739 —0.08733 
1.0 | +0,.00251 +0.00806 +0.02125  -++0.02370  -+0.02406 
2.0 0.04329 0.02399 0.02595 0.02871 0.02976 
4.0 0.02524 0.01704 0.01407 0.01371 0.01408 
6.0 0.01380 0.01091 0.00901 0.00820 0.00802 
HIIC) 
pec ee 3 4 5 6 
0 0.00000 0.00000 0.00000 0.00000 0.00000 
0.2 0.29010 0.28334 0.29050 0.29005 0.28955 
0.5 0.33514 0.27137 0.27684 0.27798 0.27770 
1.0 0.20934 0.14535 0.14126 0.14237 0.14260 
2.0 0.08177 0.06046 0.05083 0.04885 0.04884 
4.0 0.01924 0.01926 0.01642 0.01444 0.01354 
6.0 0.00677 0.00809 0.00769 0.00690 0.00628 


*) Value calculated by Spitzer and Harm, see reference 2). 


Table III. Computed values of bI(-1), bII(-!) and bIG@) for the thermal 
conductivity in a plasma with Z=1. 


bI(—1) 
4] hs Je RR) -2. 
wet kes ; a ae \ 4 4 , 5 ‘¢ 
0 0.41421 0.66358 0.66636 0.66706 0.66761 0.6679 
0.2 0.35105 OROZGCL 0.51959 0.51955 0.51998 
0.5 0.22331 0.27375 0.28228 0.28126 0.28125 
ILA) 0.13789 0.12084 0.13774 0.13961 0.13954 
74.40) 0.08016 0.05364 0.05610 0.05950 0.06055 
4.0 0.03449 0.02506 0.02188 0.02168 0.02218 
6.0 0.01789 0.01466 0.01263 0.01184 0.01172 
- ae er ee ey ee a ee 
See Nica AO A LU... VAAN 2. 
oe | (a reed = +p 4 ) 5 6 
0 0.00000 0.00000 0.00000 0.00000 0.00000 
ORZ — 0.13093 — 0.25620 — (0.25376 —(0.25375 —0.25415 
0.5 — 0.16763 —0.30277 — 0.28812 — 0.28754 — 0.28759 
1.0 —0.14123 —0.22012 — 0.22387 —0.22095 — 0.22061 
20 —0.11223 — 0.13329 —0.14398 —0.14554 —0.14516 
4.0 — 0.08013 —0.07934 — 0.08240 —0.08449 — 0.08533 
6.0 —0.05972 — 0.05803 —0.05846 —0.05931 — 0.05995 
bia) ca Pa 
int Ps 3 aoe 4 5 6 
0 0.70711 0.88388 0.89379 0.89382 0.89385 


*) Value calculated by Spitzer and Harm, see reference 2). 


(1960) 


have made calculations for the plasma with 
Z=1. The collision integrals which we need 
jare calculated in Appendix. Computed values 
of e, dD, BY and bd” for various strengths 
of the magnetic field are shown in Tables I 
through III. In the absence of the magnetic 
field Spitzer and Harm’s values”, which are 
obtained by solving the Fokker-Planck’s equa- 
|tion, are also presented in these tables. 
From these tables we see that, for all trans- 
port coefficients in a magnetic field of any 
strength, the values in the 6th approximation 
have accuracy of three decimal places. Es- 
‘pecially our values of the 6th approximation 
coincide perfectly well with values of Spitzer 
and Harm. 
| The similar calculations with ours were also 
: made by Landshoff for cases: (i) the 3rd ap- 
' 


proximation in the presence of the magnetic 
field®’, (ii) up to the 5th approximation in the 
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absence of the magnetic field.” 

For convenience of the practical uses, the 
e, c®, and bd» in the 6th approximation 
have been computed in detail and presented 
in Table IV. The 6° in this approximation 
has been already shown in Table II]. For the 
deuterium plasma, for example, the M,'/? is 
0.0165 so the correction term M,1/?b1 for Al is 
necessary to get values which are accurate to 
three places of decimals. 

In conclusion the author wishes to express 
his sincere thanks to Prof. T. Kihara for his 
continual guidance and his kindness in reading 
the original manuscript. Thanks are also due 
to Mr. Y. Ishibashi for the permission to use 
his program for solving the simultaneous 
linear equations. The present work has been 
supported by the Asahi Fellowship for Nuclear 
Fusion Research. 


Table IV. Computed values of €1, eI1, cI, cl), 61(-), and bIIC-!) in the 6th 


approximation as function of wor. 


Wet el) elI(0) e100) cli) bIC-1) pil-)) 
0 1.97111 0.00000 — 0.28295 0.00000 0.66761 0.00000 
0.05 1.94167 —0.22950 — 0.28132 0.01735 0.65500 — 0.08449 
Oal 1.85948 — 0.43693 —0.27672 0.03364 0.62070 —0.15819 
Qiks 1.73976 — 0.60762 —0.26986 0.04813 0.57290 —0.21496 
0.2 1.60005 — 0.73667 —0.26153 0.06055 0.51998 — 0.25415 
ORS 1.31451 — 0.88418 —0.24297 0.07954 0.42004 — 0.29136 
0.4 1.06615 —0.92981 — 0.22434 0.09215 0.34058 —0.29635 
0.5 0.86834 —0.92102 —0.20695 0.10030 0.28125 — 0.28759 
0.6 On/ol2 — 0.88684 —0.19123 0.10535 0.23705 —0.27406 
0.7 0.59567 — 0.84261 —0.17718 0.10827 0.20347 —0.25954 
0.8 0.50433 — 0.79589 —0.16469 0.10971 0.17734 — 0.24553 
0.9 0.43142 — 0.75025 — 0.15359 0.11012 0.15650 — 0.23251 
1.0 0.37307 —0.70723 —0.14370 0.10982 0.13954 ~—0.22061 
es 0.20456 — 0.53897 —0.10751 0.10337 0.08726 —0.17516 
2.0 0.12932 — 0.43038 — 0.08503 0.09470 0.06055 —0.14515 
DAN 0.08930 — 0.35676 —0.07004 0.08646 0.04464 — 0.12381 
3.0 0.06546 —0.30405 — 0.05963 0.07928 0.03431 —0.10778 
we 0.05012 —0.26462 — 0.05205 0.07316 0.02723 —0.09530 

4.0 0.03968 — 0.23407 — 0.04632 0.06801 0.02218 — 0.08533 
4.5 0.03225 —0.20976 — 0.04189 0.06370 0.01846 ~—0.07720 
5.0 0.02678 —0.18997 — 0.03828 0.06004 0.01564 — 0.07046 
Deo 0.02263 = eoor —0.03527 0.05691 0.01345 —0.06478 
6.0 0.01941 —0.15976 — 0.03273 0.05418 0.01172 —0.05995 

Appendix 


A part of the collision integrals which we need are treated by many authors®), especially 
for the case of the Coulomb interaction, by Landshoff®. 


For convenience we introduce the velocities 


of the center of masses G and of the relative 
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motion gz, instead of the velocities of two particles c: and ¢z, i.e. | 

a=G—Mogn ; c.=G+Mige ; (A-1) \| 
or in a non-dimensional form 


wi=M}?2X— M,}g ’ (A: 2) | 


w,=M}/2X+ Mig 4 
where 
m m 
M,= : ; M,= = i 
Mi+Msz M1+Mz 


xy=./mt+meg ge mM gq, 
/ Dedleniniae ieee mt 


The Jacobian of this transformation is given by 


0(X, 9) _ (mm)3? 


O(e1, c2) (2kT)> (A-3) 


The collision integral [w1:S3/2'”(w1?), W2S3/2?(we")|i2 is, by definition, equal to 


1 
NinN2 


[| cerdenensbabae Fir© fo {wi S83/2\ (wi?) = w1 S372"? (w1’?)}- W2S3/2'? (We). 


Using the generating function of the Sonie polynomials 


(1—s)-3/2@-#8/1-8 = S1gPS3/9(?(x) , 


we obtain the collision integral [w1S3/2?)(w:?), w2S3/2(we)|i2 as the coefficient of s?t4 in the! 
expansion of 


(1—s)-92(1 p32 2-3 \\\ {Hila pabdbde de (A-4) 
in powers of s and ¢. Here Hi2(x) is defined by 
H12x(%)= few We) exp —(X?4+ 9? + Swy?2+ Tw2?)dX 


where 


t 
oe yes 88 
1—s ’ i 1—t’ 


and x is the diffraction angle for the orbit of relative motion, i.e. I°9=2" Cos x. 
The integral Hi.(z%) becomes after straight forward calculations 
me *!*( 1 s)-5/9 1 — 1) 99MM) ay) 


2 
) 


= exp (—fagi Xt Mis Mat) 5 HO fis cos x)g"} , (A-5) 


where jio={1-2Mi Mist (1— cos x)}/1—Mes— Mit) . 

Now we expand {H1.(0)—Hi2(z)} in terms of (1—cos x) and need only the linear term, because 
the Rutherford scattering cross section is proportional to (l— cos y)-?, so the contributions of 
large angle scattering are negligible. Then we get 


m~9/2(1— s)-6/2(1 — 1)-*/2(Mi, Mz)-/2{ Ha(0) — Hia(9)}= —(1— Mas — Mt)? exp (-, tes ) 
— 2s— Mt 
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xX g°(1— cos | + 


5M,M, sf — 2MiM.st 2 
1—Mss— Mit (d1— Meos— —Myiy® 


| Substituting this equation into the equation (A-4) we finally obtain 


| 


: 
| 
: 


1S? tw, S372”) (wi), W293/2'? (We?) |12 
pq 


oa 8M, *( 2rkT ee yin ( a 


My2 2kT Ze? 
1 3M, Mest 
1 
s a Sak 2 Nha re Say) 


where m2 is the reduced mass. 

We note here that M, and M, appear only in the combination Mit, Mes, so the collision 
integral [w1S3/2'”, w2S3j2]:2 has My+!/2 M2”*1/? as a factor. 

By similar method the collision integral [w,S3/2'”) (2012), wiS3/2(w12)]1z can be calculated and 


' we write here only the results: 


D> s?t4[w,S3/2 (wi?), wiS3/2 (wi?) |12 = 


P@ 
onkT\"2/Ze?\2. (kT Ip 
8 in( 222 
m( my» ) eal n( Ze? ) 


—3/2 ) 
x a pos 5M? st+ 42MM: st(1— S) (d1— | , (Ac?) 
1—st a 1—st 
where a=1—M.2(s+t)+(M2—M,)st . 


From this we obtain 
DS DSs?t[w1S3/2 (wi), wiS3/2 (wi) j12 
pa 


QrkT \'/2/ Ze? kTlp 1 = 
= as 1 +0O(M2), (A-8) 
=3m( “ ms ) a. in( Ze err an (m"s"), 


DS Ds?t[w2S3/2”) (we?), W2S*/? (we?) |r2 
Pq 


me 2kT Ze /(1—s)*/*(1—t)?/2(1— st) 
It is clear from the definition, the collision integrals Di Ds?ti|waSey, W2S3/2']2 can be ob- 
tained from 
Si Disrt{waSsja'? (w2?), W1S3/2'? (w:?)Jr2 


+[w2S3/2"” (We), W2S3/2 (w2")|i2} 


by taking Mi=M.=—, m= 2, and Z=1. 


Hence we get 


QnkT Gs a (bee 
DS Ss? t4[weSs3/2' (we), WeS3/2 (w)}.= 8/2 (“ . Bees) aenn ) In( a) 


pad M2 


st Te sr hot — = (sb? | ; (A-10) 
x Tvs th h201— ae peat Urapth eel, 


From the mass dependence of this equation we can deduce the relation 


[wi Ss/2 (wi2), wiSsj2 (ws?)]1=Me2'?[w2Ss/2\ (we?), WeSe/2 (w2")]e . (A-11) 


The equations (A-9) and (A-10) are also obtained by Landshoff.® 
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Effect of Heat-Treatment upon Sintered 
Cadmium Sulphide Photoconductive Films 


by Saburo KITAMURA 


Central Research Laboratories, Matsushita 
Electric Industrial Co., Osaka 


(Received June 23, 1960) 


When the sintered CdS:Cl:Cu photoconductive 


films!) prepared by the flux method using CdCl, 


“as flux material were heated in vacuum or in inert 
gas, the relation between dark current and tempera- 


| 


ture became irreversible, the activation energy 


decreased, and the trap concentration increased, 


. 
| 


; 


and it was found that there appeared a peak at 
room temperature in thermally stimulated current 
curve. 

The sintered CdS:Cl:Cu photoconductive films 
were obtained by sintering on a base plate of fused 
quartz of 20x20mm size. The material of electro- 
des was gold evaporated on the surface of fused 
quartz before sintering CdS layers. The distance 
between two electrodes was 0.5mm and the length 
of electrodes was 20mm. With evaporated gold 
electrodes, the contact between electrodes and CdS 
was nonohmic below 0.1 volt while ohmic above 
0.1 volt. When the sintered films were heated at 
a rate of 1°C/min and the dark current was 
measured by applying a D.C. voltage of 100 volts, 


the relation between dark current and temperature 


was reversible below 90°C, but it became irreversi- 
ble above 90°C. 

The relations between conductivity and 1/7(°K) 
of both untreated films and films treated at 160°C 
in vacuum are shown in Fig. 1. It is seen that 
by heat-treatment in vacuum, the activation energy 
of sintered films decreases to a value of one 
twentieth of the initial one. The results of the 
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% -5 A Initial state 
as B Atter heat- 
fa treatment 
ao A 


Slope: 0.24 eV 


2 2 


vie sat nec 
4) aGprio lO 
1000 / T(°K) 


Fig. 1. Conductivity versus 1/T(°K). 


measurements on thermally stimulated current are 
plotted in Fig. 2. Sintered films cooled at liquid 


air temperature were irradiated by a light from 
an incandescent lamp anda D.C. voltage of 30 
volts was applied in darkness, and then they were 
heated at a rate of about 1°C per second. The 
variation of current in heating process was 
recorded by an X-Y recorder. The trap concen- 
tration of sintered film heat-treated in vacuum is 
about twenty times that of the initial value, and 
there is a peak at about room temperature in 
thermally stimulated current curve of the sintered 
film heat-treated in vacuum. 


8 
5 


A : Initial state 
B : After heat- 
treatment 


& D (e*) 


ie) 


Thermally stimulated current of B (mA) 


8 


Trap concentration 
A:4x10°/ cm 


Thermally stimulated current of A (uA) 


B:8xl0°/ cm 
-200 -I50 -l0OO -50 O 50 (efe) 
Temperature (°C) 
Fig. 2. Temperature dependence of thermally 


stimulated current; 80 volts D. C. was applied, 
heating rate about 1°C/sec. 


Muscheid®.? and Woods*) reported that CdS single 
crystal heated at 200~300°C in vacuum had high 
conductivity due to sulphur vacancies. In sintered 
films these phenomena were found to appear above 
90°C. By measuring the thermally stimulated 
current it is proved that the sintered films have 
large trap concentrations, but it is still unknown 
whether the peak at room temperature in thermal- 
ly stimulated current curve of sintered films heated 
in vacuum is produced by sulphur vacancies or by 
other defects. Experiments are now carried on in 
order to investigate the peak at room temperature. 

The author wishes to thank Professor K. Tanaka, 
Kyoto University, for his advice. 


References 


1) S. Kitamura: Conference, Soc. Appl. Phys, 
Japan, March (1960). 

2) C. P. Hadley and E. Fischer: RCA Rev. 20 
(1959) 635. 

3) W. Muscheid: Ann. d. Phys. 13 (1959) 322. 

4) J. Woods: J. Electron. Contro] 3 (1957) 225. 


1697 


1698 


J. Puys. Soc. JAPAN 15 (1959) 1698 


Ferroelectricity in The Potassium 
Ferrocyanide Group Ferroelectrics 
Substituted by Deuterium for 
Hydrogen 


By Shigeru WAKU, Kunio MASUNO and 
Toshisuke TANAKA 


Electrical Communication Laboratory, Nippon 
Telegraph and Telephone Public 
Corporation, Tokyo 


(Received July 13, 1960) 


In the previous papers,!)2) we reported the fer- 
roelectric behavior in potassium ferrocyanide, 
K,Fe(CN),-3H.O, and its isomorphous substances, 
K,Ru(CN),-3H,O0 and K,Os(CN).-3H,O and K,Mn 
(CN),-3H,O0. We attempted to substitute the water 
of crystallization of these cyano complexes by 
deuterium oxide. 

After the dehydration of powdered samples of 
these cyano complexes by heating for 6 hours at 
110°C, mother solutions were prepared by dissolv- 
ing these dehydrated powders in heavy water con- 
taining 99.9% D,O. Single crystals were grown 
by slow cooling of these mother solutions. In the 
case of KysMn(CN),-3D,0, as it was very unstable, 
we could not obtain deuterated compounds. 
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Fig. 1. Dielectric constant along [101] direction 
of deuterated potassium ferrocyanide group 
ferroelectrics. 


Ferroelectric behavior of these deuterated cyano 
complexes were not significantly different from 
those of the normal cyano complexes except a 
little shifting of the Curie point toward the higher 
temperature side. Fig. 1 shows the temperature 


dependence of the small signal dielectric constant 


of these cyano complexes in [101] direction. Only 
one peak coresponding to the Curie point is shown 
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in each curve. In [101] and [010] directions, ne! | 
more than very weak anomaly is etected. Fer} 
roelectric hysteresis loop appears only in [101,| 
direction. Fig. 2 shows the temperature dependence} 
of the spontaneous polarization Ps and coercive 
field EH. of these deuterated cyano complexes. The 
spontaneous polarization of the deuterated cyanc( 
complexes are somewhat larger than that of the 
normal cyano complexes. Table 1 shows the transi) 
| 

|. KaFe(CN)6-3D20 

2. K4Ru(CN)6-3 D20 


3. K4Os(CN) 6 3D20 


fo) 
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Fig. 2. Spontaneous polarization and coercive 

field along [101] direction of deuterated potas- 

sium ferrocyanide group ferroelectrics. 


Table 1. The transition temperature of the 

normal and deuterated potassium ferrocyanide 
group ferroelectrics. 

K4Fe(CN)5-3H,O —24.5°C KsRu(CN),:3H,O —14.5°C) 


| 
K,Fe(CN)5-3D,0 -—18.0°C KzRu(CN)s-3D,0 — 7.3°C) 


: 23) : 
— 2.4°C/K4Mn(CN),-3H,0 —40 °C) 
1.8°C 


K,Os(CN), 2, 3H,O 
K,Os(CN)g a) 3D,0 


tion temperature of the normal and deuterated | 
cyano complexes. Temperature sifting of the: 
transition point by deuterium substitution is the } 
smallest among the ready examined ferroelectrics. 

Authors are very grateful to Dr. H. Hirabayashi | 
for his helpful discussions. | 
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Impurity Shift of Pure Quadrupole 
Resonance Frequency 
By Yoshiro IMAEDA 


Faculty of Engineering, Tokushima 
University, Tokushima 


(Received July 6, 1960) 


It is well known that the line width of pure 
quadrupole resonances increases and its intensity 
‘decreases with the increase of impurity content in 
‘samples!), but the frequency shift caused by the 
impurities has not been noticed except for a few 
lcases?,3) with exceptionally large shifts. 

A careful measurement, however, revealed that 
an observable amount of the impurity shift exists 
‘in almost all cases. It is the purpose of this note 
to present the examples of these impurity shifts 
for bromates and chlorates. 

_ In the present experiment, stable and sensitive 
‘regenerative spectrometers!) operated at a low rf 
level are found to be essential in order to get 
faithful absorption curves without any dielectric 
heating of the samples which, if appreciable in 
magnitude, might result in a “‘temperature shift’’. 

And the temperature of the samples (0°C in the 
present experiment) ought to be kept constant 
with an accuracy of a few thousandths of a degree 
in every run in order to keep the temperature 
shift of the resonance frequency below the amount 
‘of the impurity shift. 

Some of the experimental results are tabulated 
in Table I. The sign of the impurity shift is 
either positive or negative with respect to the 
frequency of pure specimen depending upon the 
kinds of the impurities. The general tendency is 
such that the larger size impurities than the 
original ions, when some of the latter ones are 
replaced by the former ones, decrease the frequency 
(—shift), and the smaller size impurities increase 
the frequency (+shift), The lines are always 
Gaussian, and no asymmetry in the line shape is 
observed for all specimens. 

The dominant cause of the present impurity 
shift is believed to be due to a successive distor- 
tion of electronic wave functions about the impuri- 
ties. And the change in the amplitude of the 
lattice vibrations due to impurities?) would not be 
responsible for the present impurity shift, because 
the temperature dependence of the impurity shift 
for bromates is not noticed®. 

The details of the discussions as well as the 
experimental procedure will be published in the 
comming issue of the Journ. Sci. Hiroshima Univ. 
Ser. A. 

It is a pleasure of the author to express his 
indebtedness to Professor H. Tazaki of Hiroshima 
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University for the stimulating interest he has 
taken in the progress of this work and to Profes- 
sor T. Kushida of the same University for the 
suggestion of the present investigation and his 
helpful advice and discussions and also to Pro- 
fessor Y. KOi of Tokushima University for his 
valuable comments. 


Table I. Impurity shift of P.Q.R. frequency. 
The observed shift in the resonance frequency 
caused by impurities in the lattice is shown in 
the fourth column, where a -+sign and a —sign 
correspond to the increase and the decrease in 
the center frequency respectively. And the first 
column designates the host material whose halogen 
nuclei are observed. 


Host Impurity Impurity Frequency Halfwidth 
material content — shift 
(mol7) (cps) (cps) 
KCIO; NaClO; 0.9+0.1 -+1100+200 2280+200 
KCIO; KNO; 0.44+0.03 +135+445 1600-+150 
KCIO,; KBrO;,; 0.39+0.03 —250+20 1880+100 
KC1O3 AgClO3; 0.9740.05 +630+30 1450+100 
KC103 LiClO3 0+50 1100+100 
KC103 Ba(ClO3). 0.1340.03 0+40 1350+100 
KCI1O3 Ni(ClO3)2 0.16-40.03 0+30 1100+100 
NaClO; KC1O3; 7.2 +0.1 —760+30 1800+100 
NaClO; NaNO; 2.23+0.03 +90+30 1650+100 
NaClO; NaBrO; 0.48+0.03—1015+70 2100+100 
NaClO3 AgClO3; 1.3 +0.15—1320440 2100+100 
KBrO3 NaBrO3 0+500 10,000+500 
KBrO3 KC1O3; --3000+300 9,700+500 
NaBrO; KBrO3 —2700+3.0 13,000 +500 
NaBrO; NaClO3 -+-3300+150 8,300+500 
NaBrO; NalO; —2000+200 7,000+500 
NaBrO; LiBrO3 0+200 8,000+500 
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Measurement of Temperature Dependence 
of T, of Proton in Some High 
Polymers by Pulsed NMR 
Technique 


By Takao KAWAI,* Masahumi SASAKI,** 
Akira Hiral,** Tsuneo HASHI,** 
and Akira ODAJIMA*** 


* Yoshida College, Kyoto University 
** Department of Physics, Faculty of Science, 
Kyoto University 
*** Research Institute of Applied Electricity, 
Hokkaido University 


(Received June 10, 1960) 


In order to add to the information about the in- 
ternal motion in high polymer, we have measured 
the spin-lattice relaxation time (7) of proton in 
some high polymers, in the temperature region 
from 20 °C to 300°C, by 90°-90° pulse method at 
25 Mc/sec. The description of the apparatus was 
already given.1) The samples were poly-vinyle 
acetate (PVAc), poly-methyl acrylate (PMA), poly- 
methyl methacrylate (PMMA), etc. The error in 
the measurement was about +10%. 

The results obtained are shown in Fig. 1. For 
PVAc and PMA, the curves of log T, versus 1/T 
are simply V-shaped, and the dominant mechanism 
which determines 7, is considered to the segmental 
motion. For PMMA, the curve is not V-shaped 
but has a tendency to have another minimum at 
lower temperature. 

The correlation time of the internal motion in 
high polymer is distributed over a wide range, as 
well-known from the dielectric and mechanical re- 
laxation experiments. Since simple analytic 
formulas relating 7, with distributed correlation 
time are not available at present, we have tenta- 
tively used BPP theory for analysis, namely. 


Il 3 7 he Te a 4 Te 
Ti 10°08 ) P02 re? 1 Aw2ee2 fF” 


4H 
Te=To EXD (zr) 


The results thus obtained are shown by the dashed 
curves in Fig. 1. 

For further study, it is desirable to measure 7; 
at lower temperature and at various resonance 
frequencies, and the spin-echo decay time. We 
are now proceeding along this line. 

The authors express their sincere thanks to Prof. 
I. Takahashi for his continual interest and discus- 
sions. Their thanks are also due to the members 
of our laboratory for their assistances. 
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Fig. 1. Temperature dependence of 7’, of proto 
in some polymers. Solid curve represents th 
experimental results. Dashed curve represents: 
the temperature dependence obtained by BPP* 
theory, using following parameters. 

(a) Sample; PVAc, 

b=1.9A, T=6x10-'8 sec, 4E=12 Keal/mole.: 

(b) Sample; PMA, 

b=1.8A, r)=2x10-16 sec, 4E=11 Keal/mole.. 

(c) Sample; PMMA, | 

b=1.9A, r=2x10-14 sec, 4E=12 Keal/mole.. 
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On the Mechanism of the Electrical 
Conduction in CdSe 


By Hirosi TuBotTa, Hiromichi SuzuKI 
and Kazuyoshi HIRAKAWA 


General Education Department, Kyushu 
University, Fukuoka 


(Received June 28, 1960) 


In order to study the mechanism of the electrical 
i conduction in CdSe, the following experiments 
| were performed. On the surface of single crystals 
of n-type CdSe obtained by slow cooling from the 
melt of stoichiometric composition, various 


elements of Group I, II, Il, IV and VI were 
evaporated, and the crystals were heat-treated 
at various temperatures for various durations 
so that the elements diffused into the bulk 
material. These treatments were performed in 
vapor of the corresponding elements. The changes 
of resistivities of the treated specimens are shown 
in following figures. 

Fig. 1 shows the behaviors of room-temperature 
resistivities of the specimens as functions of the 
duration of heat treatment at 350°C. 
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Fig. 1. Electrical resistivity against the duration 
of heat treatment for specimens treated at 
350-6) 
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Fig. 2. Electrical resistivity of samples doped 
with Cd and Se. 


Fig. 2 shows the effects of doping with Se and 
also with Cd at different temperatures. 
shown by the dashed curve in the figure was 


obtained for the specimen doped with Se after 
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doping with Cd at 350°C. 

It was found that resistivities of the heat-treated 
specimens changed toward the value of those of 
CdSe as grown when specimens were kept in air 
at room temperature. 

Considering these results, we can conclude that 
the impurity centers contributing to the electrical 
conduction in CdSe may presumably be Se 
vacancies. Hence, if a specimen was _ treated 
with Se, its resistivity may increase because of 
the decrease of Se vacancies, whereas if treated 
with Cd the reverse is the case. As the doped 
atoms of Group III and IV may locate in the 
interstitial sites, resistivities decrease. In the 
case of Group I, resistivities increase slightly, 
This may be because these elements may substitute 
Cd atoms, but their diffusion constants are small. 
In the cases of foreign elements, it may be deter- 
mined by consideration of atomic radii that whether 
they substitute the lattice atoms or locate in the 
interstitial sites. The atomic radii of the elements 
are given in Table I after Wyckoff. Since the 
atomic radii of Cu and Ag are smaller than that 
of Cd, they substitute Cd atoms. On the other 
hand, since the radii of In and Pb are larger than 
those of Cd and Se, they locate in the interstitial 
sites. As the diffusion through the interstitial 
sites are easier, it can be understood that in the 
cases of In and Pb the changes of resistivity are 
large. In the case of Sn, however, the result is 
difficult to understand from this consideration. 

As seen above, the electrical conduction in CdSe 
might be due to the presence of Se vacancies. 
This implies that the CdSe crystals obtained 
from the melt of stoichiometric composition are 
excess in Cd. This is in agreement with the sug- 
gestion!) that in chalcogenides the compound con- 
tains the excess of the element with higher boiling 
point. 

The authers wish to express their sincere thanks 
to Prof. T. Okada for his kind advice. 


Table I. Atomic radii after Wyckoff (in A) 
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I | Ts. 6._ Til IV VI 
Cu | Se 
WIAL | 1.16 
Ag Cd In Sn 
1.44 1.48 1.62 1.40 

| Pb 
eres 
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Characteristics of Krypton Counters 


By Tatsusaburo SUZUKI & Jiro YUHARA 
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Defence Agency, Tokyo 
Japan Radio Company, Tokyo 


(Received July 15, 1960) 


In 1956 W. Parrish and T. R. Kohler® reported 
that they used a krypton counter (total pressure 
500 mmHg) having 10% ethylene added to analyze 
the soft X-rays. But they did not describe the 
characteristics of the counter in detail. The 
authors experimented with the characteristics of 
krypton counter, since it seemed advantageous to 
use a krypton counter in order to analyze the 
soft X-rays because of high gas absorption obtained 
in the short length. The glass wall counters 
having gold sputtered cathodes and 0.05 mm.¢ 
center wires were filled with 99.99 krypton gas 
made by Linde, and pure ethylene added as 
quenching gas. The partial pressures of krypton 
and ethylene were 150-500 mmHg and 2.5-52 mmHg, 
respectively. The counter out-puts were connected 
to the cathode-follower pre-amplifier plus Tracerlab 
pulse amplifier and counted by a Tracerlab super- 
scaler. The ;-ray 100 yc source of Cs3? was 
placed at the positions 10cm, 20cm, or 1 m distant 
from the counters. 

The obtained discharging characteristics vs the 
partial pressures are shown in Fig. 1. It is 
evident from Fig. 1 that the characteristics of the 
counters depend mainly upon the partial pressures 
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Fig. 1. Plotts of the krypton and ethylene partial 
pressures. 
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of ethylene, but not upon that of krypton. 
the counters having equal partial pressures off 


ethylene give similar plateau curves in spite of 'f 
the differences of that of krypton, it seems possible || 
to conclude that the characteristics of the counters }| 
are dependent upon only partial pressures, and not i 
At the partial! 


on the percentage of ethylene. 
pressures of ethylene which are lower than 
8.5mmHg the counters usually discharge conti-_ 
nuously or semi-continuously at the voltages 
slightly higher than the starting voltages. At the 
partial pressure of ethylene higher than 45 mmHg 
they give only poor plateau curves. 
partial pressures 17.5-35mmHg of ethylene they 
give appreciable good plateau curves. The counting- 
rate of the counters giving good plateau curves 
was measured at the different sensitivities of the 
Tracerlab pulse amplifier from 1mV to 100mV. 
The counters out-puts were connected to the 
Tracerlab GM counter pre-amplifier and were 
counted. In this case the counts obtained agreed 
very well with the counts in the cases of pulse 
amplifier sensitivities 2-50mV. Therefore it is 
evident that the counters experimented have Gei- 
ger-Miller counters properties. The counters 
containing mixtures of krypton and methane were 
also experimented. The partial pressures of 
methane were 10, 20, 30, 40, and 50 mmHg. They 
give poor plateau curves or discharge continuously. 
The counters containing mixtures of krypton and 
ethylene have good self-quenching properties. On 
the other hand the counters containing mixtures 
of krypton and methane have poor self-quenching 
properties. This fact can be accounted for by the 
fact that the ionization potential of the krypton is 
larger than that of the ethylene and less than that 
of the methane, and therefore the secondary 
emissions at the cathodes can be quenched in the 
krypton counter containing the ethylene and not 
in that containing the methane®). At the ethylene 
partial pressures which are less than 8.5mmHg 
the counters discharge continuously, because the 
appreciable number of krypton ions can reach the 
cathodes after many collisions. 
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| Magnetoresistance Effect in the Magnetiza- 


tion Reversal of Permalloy Films 


By Eiji TarsumoTo, Kaizo KUWAHARA and 
Mitita GoTo 


Department of Physics, Faculty of Science, 
Hiroshima University, Hiroshima 


(Received June 23, 1960) 


In Permalloy films, it has been accepted that the 
magnetization reversal takes place by domain wall 
motion and rotation in low frequency fields parallel 
and perpendicular to the easy direction, respec- 
tively!)). In the present work, this was confirmed 
by measuring the magnetoresistance effect which 
is expressed as 

AR/R=A sine (1) 
where A is a constant and @ is the angle between 
the magnetization vector and primary current?). 

The specimens used were two kinds of rectan- 
gular films of 80Ni Permalloy (10 mmx 20 mm) 
which will be denoted by (//) and (1) depending 
on whether the lengthwise direction is parallel or 
perpendicular to the easy direction, respectively. 
They were made on glass substrates heated at 
200°C by depositing in the presence of fields in 
vacuum and their thickness is about 2x103A. 

While the anisotropy field H;, has usually been 
determined by measuring the linear relation 
between B and A in low driving fields perpendi- 
cular to the easy direction’), it can also be determi 
ned by measuring the relation of AR/R and A in 
that case, because Eq. (1) can be rewritten as 
AR/R=A(1-H?2/H?,), since cose=H/H;. Both 
linear relations, B-H and 4R/R-H2, were found 
to be equally applicable, and the Hj, obtained is 
4.00e in the (//) specimen and 4.50e. in the (1) 
specimen. 

Figs. 1 and 2 show B-H, dB/dt-H and 4R/R-H 
curves from the top to the bottom which were 
measured on the (//) and (1) specimens in a 60 
cps field of 100e. peak. The observed B, dB/dt 
and 4R/R and H are all parallel to the long side 
direction of the specimens. 

In the (//) specimen, according to the B-H and 
dB/dt-H curves in Fig. 1, the magnetization 
reversal is interpreted as due to nucleation of 
reverse domains and their growth, as is commonly 
accepted. This interpretation is confirmed by the 
AR/R-H curve in Fig. 1 (c), because it indicates 
the fact that very little rotation occurs. In detail, 
however, a small variation in 4R/R is observed 
near the coercive force H- as seen faintly in the 
figure. We suspect that it may be attributed not 
to a small coherent rotation but to local rotation 
on account of the fiuctuation of H; in direction 
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and magnitude, The local rotation would presu- 
mably be responsible for nucleation of the reverse 
domains. 

In the (1) specimen, it has been assumed that 
the B-H and dB/dt-H curves in Fig. 2 are due to 


coherent rotation. This is also confirmed by the 


Fig. 1. The (//) Figey2syiod hei¢ih) 
specimen: (a) is B-H specimen: (a) is B—H 
curve, (b) d@B/di-H curve, (b) dB/dt-H 
curve and (c) 4R/R-  curveand(c) 4R/R-H 
H curve. curve. 


4R/R-H curve in Fig. 2 (c) which illustrates that 
there occurs almost coherent and continuous rota- 
tion with the variation of fields. in detail, 
however, the rotation does not seem to be perfectly 
coherent, because the maximum variation of 4R/R 
is slightly smaller than A which is the maximum 
in the coherent rotation corresponding to the value 
at 90° in Eq. (1). We also suspect that, as in case 
of the (//) specimen, it may be attributed to the 
local fluctuation of H;. In this magnetization 
process, the clockwise and anti-clockwise rotations 
must start simultaneously in different regions so 
that the boundaries would be fuzzy in the initial 
process but probably be converted abruptly to the 
distinct ordinary walls. Then, we suspect that the 
Barkhausen discontinuities observed near He in 
Fig. 2 (b) would be due to the abrupt conversion. 
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Magnetostriction of Yttrium Iron Garret, 


By Akira NAKAMURA and Yoshikazu SUGIURA 


Electrotechnical Laboratory, Nagatacho, 
Tokyo, Japan 
(Received July 25, 1960) 


The magnetostriction of polycrystalline Y.I.G. 
was measured by the method using the adhesive 
strain gauge. In order to measure the rather 
small change in length, the output signal of the 
strain gauge bridge was amplified by the chopper 
amplifier. The over-all sensitivity of the relative 
change in length reached nearly 2x10-%. Some- 
what modified method using coaxial cavity!) was 
also used for checking the sign of the magnetos- 
triction. Although the sensitivity is in the vicinity 
of 1x10-?, the same sign for pure nickel metal 
was observed. 

The sample was prepared from 99.9% Y2O3 and 
99.99% FeO; by sintering in air at 1350°C. The 
X-ray diffraction patterns showed no extra lines. 
The sample was placed ina Dewar vessel to avoid 
temperature fluctuation. The saturation magnetos- 
triction of polycrystalline material is expressed as 


Fig. 1. The fractional change in length of poly- 
crystalline Y.I.G. vs external magnetic field at 
room temperature. 

The dimension of the sample: 
(mm). 


6.9x 2.40.9 
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oe = 3 As(cos? @—1/3) 
where @ is the angle between the magnetic field 
and the measured direction of length. 

The relative change in length is plotted against 
the applied magnetic field in Fig. 1. 
curve we obtain the saturation magnetostriction 
constant 2;= —(3.740.5)x10-*. This rather small 
value seems to be explained by the dipolar inter- 
action.2) Since Tsuya’) has explained the magne- 
tostriction of Mn-ferrite by the dipolar interac- 
tion. 

In the case of the dipolar interaction the magne- 
tostriction constants for Y.I.G. is expressed as 
follows, 


Asoo =2U] (Cur --Ciz), Air = —2U/ 344 
U=(2S44+3S33-4S 4p) + 32M? 


where cj is the elastic constants and M is the 
saturation magnetization per cc. The values of 
Si are calculated by the lattice sum method as 
follows; 


S44=0.046, Spz=0.094, Saz=—0.099. 


As the elastic constants for Y.I.G. has not been 
obtained, we substitute the values for Ni-ferrite.*) 
Taking M=138 gauss and 
611=21.99x 1011, ¢2=10.94x10"1, e4=8.12x 101! 

(dyne cm~2), the calculated value are 

A100 =6.4x 10 Aiy1= —3.8x 10-7 

As = 1/5(2A100 +3111) Sa wget 
If we take as ¢;; the value of magnetite or Co-Zn 
ferrite®) 2; becomes 0.2x10-7 or 0.8x10-". 

The order of magnitude of the calculated value 
for 2; is not so far apart from the experimental 
value, but its sign is different from the measured 
one. The shape effect®) and the magneto-caloric 
effect may be smaller than 0.2x10-7. Thus we 
may probably have to consider some other effect 
originating from the higher order perturbation re- 
lating to the L-S coupling, in order to explain the 
measured negative js. 

The authors express their sincere thanks to Drs. 
M. Tachiki, E. Sawaguchi, and N. Sakamoto K. 
Matsuura for their kind discussions. 
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The Influence of Aging Treatment on the 
Temperature Dependence of the Electric 
Resistance in Alnico 5 Magnet 


By Tatsuo FUJIWARA and Tetsuo KATO 
Daido Steel Co., Research Lab. Nagoya 
(Received July 22, 1960) 


In Alnico 5 Magnet, it has been believed that 
its magnetic anisotropy and high coercivity are 
principally founded on the shape anisotropy of 
elongated fine precipitates oriented to the direc- 
tion of magnetic field which is applied during 
heat-treatment. However, the reversibility dis- 
covered recently in its magnetic properties during 
aging process has brought out a certain presump- 
tion that some other mechanisms except the pre- 
cipitation may affect them, too.) It was pointed 
out by Clegg and co-workers) that the perfect 
separation of phases would not take place in the 
structure of Alnico 5 magnet which gives best 
magnetic properties. Its best magnetic properties 
brought out by aging treatment at about 600°C 
may also depend upon another mechanism, except 
the growth of precipitates. In order to interpret 
its phenomenon, the present authors investigated 
first the influence of aging treatment on the tem- 
perature dependence of the electric resistance as- 
sociated with its magnetic properties. The heat- 
ing-rate in measurement is about 4.5°C/min. In 
Fig. 1, the curvatures as indicated by AB, BC, 
and CD can be noticed on the curves of the speci- 
mens aged at and under 600°C, and in aging at 
625°C the curvature as indicated by AB vanishes. 


Electric Resistance 


a aS eee abt 
© 100 200 300 400 500 600 700 800 
Temperature (°C) 
Fig. 1. Electric resistance-temperature curves in 


Alnico 5 aged 4 hrs. at each temperature from 
550 to 800°C after solution heating and subse- 
quent cooling at about 1.5°C/sec. 
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This phenomenon suggests that there is a trans- 
formation which starts at about 300°C and finishes 
at about 600°C. 

Moreover points C and curvatures CD on the 
curves correspond to the decreases of reversibility 
of its magnetic properties originated from aging 
treatment at about 650°C.4) This fact suggests the 
perfect separation to two phases to be commenced 
from this temperature. At the specimens aged at 
above 700°C, each curve shows a kink point at 
450°C as indicated by Y. This change corresponds 
to the change at the temperature dependence of 
the saturated induction.?) 


-——— oA 


) 


Aging 
| temp (°C) 


Resistance 


sn bee 
Seen. 


0 0 200 300 400 

Temperature 

Fig. 2. Electric resistance-temperature curves 

in Alnico 5 aged 4 hrs. at each temperature 

from 650 to 800°C after solution heating and 

subsequent cooling at about 1.5°C/sec, and re- 
aged 4 hrs. at 600°C. 


Electric 
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Fig. 2. shows the curves for the case reaged for 
4 hours at 600°C. Thes2 curves do not show the 
curvature and the kink point like AB and Y in- 
dicated in Fig. 1, respectively. From this fact, it 
is suggested that the nature of the transformation 
caused by aging treatment at 600°C differs from 
one caused by aging treatment above 650°C. 

From these experimental results, it is concluded 
that there are two different mechanisms during 
aging process of Alnico5 magnet. One will occur 
during aging process at about 600°C that gives the 
best magnetic properties, and may be something 
like order-disorder transformation. And the other 
will be lapped over the former mechanism during 
aging process above 650°C, which is precipitation. 
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Preparation of Ferromagnetic Chromium 
Dioxide 


By Buichi KUBOTA 


Technical Research Department, Wireless Division, 
Matsushita Electric Industrial Co., Ltd. 
Kadoma, Osaka, Japan 


(Received June 14, 1960) 


Since it has been reported')+)34) that ferro- 
magnetic chromium dioxide, CrO,, was formed by 
the thermal decomposition of chromium trioxide 
CrO;, an increasing interest is being shown in the 
mugnetic properties of chromium dioxide.®) The 
present paper describes a new preparation method 
based on the thermal decomposition of CrO; under 
a high oxygen pressure resulting from the oxygen 
liberated from CrOQO; itself. 

Chemically pure CrO; containing 0.059% of sul- 
fate ion and 0.2% of absorbed water was used as 
a starting material. Various amounts of dry CrO, 
were charged in the high pressure bomb which 


400 500 600 


Temperature (°C) 


Fig. 1. The relation between the heating tem- 
perature and oxygen pressure in the thermal 
decomposition of chromium anhydride, CrOs. 
4, ©, ® and [] show the results of isothermal 
heat treatments, indicating that the crystal 
structure are Cr303, Cr.O;, CrO, and Cr.O3, re- 
spectively. 

Dotted lines show roughly 
among the various oxides. 


the boundaries 
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was made of stainless steel and whose inner volume 
was about 36cm? (30mm¢, 50mm height), and 
then heated at a constant rate of 10°C per hour 
in an electric furnace. The temperature was 
measured at the top and bottom of the bomb, and 
the temperature difference between them was con- 
trolled within 1°C. The high oxygen pressure in 
the bomb was caused by the oxygen liberated from 
CrO; itself and increased with the temperature. 
The pressure was measured with a Bourdon gauge 
set in the bomb. The relations between the tem- 
perature and oxygen pressure are shown in Fig. 1. 
by solid lines. The lines show that the pressure 
increases by step with the temperature. It will be 
concluded that the decomposition promotes re- 
markably in the temperature regions of the vertical 
parts of these curves and does not occur in those 
of the horizontal parts. 

In order to confirm this conclusion, isothermal 
heat treatments were also carried out. As above 
mentioned, dry CrO; in the bomb was heated up 
to the various temperatures and kept for several 
hours at each temperature and quenched in air. 
The X-ray powder patterns of the products were 
observed. The results are shown in Fig. 1, in- 
dicating that their crystal structures were either 
one or two of Cr30g, Cr,O;, CrO, and Cr,Q3. 
From decomposition losses of the samples heated 
at 1000°C for 2 hours, the ratios of the oxygen to 
chromium ion were determined. From the available 
data, it was found that their chemical formula 
were CrOpg.g~2.7, CrOz.4~9.5, CrOy.9~2.; and CrQ,.., 
respectively. 

The magnetic properties of the chromium dioxide 
prepared by heating CrO; at 480°C for 4 hours 
under the oxygen pressure of about 560 kg/cm?, 
were measured with a magnetic balance in the 
temperature range from 77°K to 500°K. The ratio 
of the oxygen to chromium ion was 1.997, asa 
result of the thermogravimetric analysis. The 
Curie temperature was 117°C and the saturation 
magnetization at O°K was 133.742 gausses/gram, 
from which the Bohr magneton number of a Cr‘t+ 
ion was calculated to be 2.01+0.03. 

The author wishes to thank Mr. F. Kanamaru 
and Mr. H. Chiba for their help. 
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A New Method to Determine Hydration 
Energy of Ion 


By. Yoshio ISHIDA 


Department of Physics, Faculty of Education 
Shimane Univerity, Matsue 


(Received June 10, 1960) 


The method reported here is based upon the 


d double-shell model for hydration of ion and the 
idea was got from the following experimental 
| facts. 
' can be obtained by measurement of either of the 
| compressibility and the dielectric constant versus 
| the concentration of the aqueous solution of metal- 
| lic salt. 


The molal volume of the hydration sphere 


The molal volume @g which can be ob- 
tained from the compressibility measurement, is 


' represented by 


1000A_ 1000B 

a aA 86 oA (1) 
assuming that the sphere is imcompressible. A and 
B are the constants in the relation 8@=$,+Ac+ Bc?/2, 
where #8 and #; are the compressibilities of the 
solution and the pure water respectively, and C 
the molal concentration. The molal volume @eo 


C12 


_ which can be obtained from the dielectric measure- 


ment, is given by 


1+2 
De (E1— v?)- nee 


C 
~ 1000 we+2e,’ oO) 


e=&) 


assuming that the dielectric constant of the sphere 
reduces to its optical value. In the expression, e 
and «, are the dielectric constants and y the re- 
fractive index of pure water. The values of Dgo 


(Mg at infinite dilution C—O) of several salts were 


_ for hydration sphere. 


calculated from the data of Bachem,!) Yasunaga?) 
and the present author, and those of Oz) from the 
data of Hasted, Ritson and Collie.2) We find that 
@go is nearly equal to Og for NaCl and KCl, but 
greater than Mg. for MgCl, and BaCl,. Therefore, 
it is reasonable to assume the double-shell structure 
The first shell which is con- 
ceived referring to @go responds to neither the 
change of the mechanical pressure nor of the 
electric field. The second shell which is referring 
to Deo—Depo, however, does respond to the change 
of the mechanical pressure but not of the electric 
field. In order to discuss matters about separate 
ion, we divided @po and @e. into the values of 
respective ions according to ionic mobilities and 
then obtained the coordination numbers ” and mz 
constituting the fist and the second shell. The 
effective radius Reyy of the shell was also obtained. 
Referring to Bernal-Fowler’s study,‘) we have 
attained the formula to calculate the hydration 


energy Un as follows: 
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e:—1 Ze? 


2e, Rery Hm Pit n2P2—(mi+ne)uw, (3) 


where the first term gives the change of the free 
energy outside the shell, P, is a mutual potential 
energy between a water molecule in the first shell 
and the ion, P; that between a water molecule in 
the second shell and the ion, and wv energy which 
a water molecule in the shell had in pure water. 
From Fig. 1, we can get 


Un= 


adius 
Water Molecule deranie 


radius w=1.38A 
Fig. 1. A water molecule attaching to a uni- 
valent cation. 
Zeke ti‘ ééCC RA ELON 

R R2+02-+-2Rocos@ RF’ 
where e’, effective charge of H, is approximately 
equal to e/2. The last term gives the quantum 
mechanical repulsive potential, in which b can be 
obtained by 0P;/aR=0. Asto P, we can calculate 
it, assuming that the radius of ion becomes rz-F2rw. 
We can evaluate ww as 8.3 [kcal/mol] from the 
definition. Thus, we calculated the values of Un 
of several ions, which are tabulated in Table I 
with other related values. They coincide roughly 
with the values given by different researchers and 
in different ways. 


Pi= (4) 


Table I. Hydration energy Un calculated and 
other related values 

Ion m1 Ne Rezy [A] Un[kcal/g.ion] 
Nat 4 0 3.38 121 
Kt 3 0 2.92 81.1 
Mg?2+ 8 8 4.99 455 
Ba2+ 10 4 4,82 429 
Cle 2 0 2.51 67.4 


The author wishes to thank Professor I. Taka- 
hashi of Kyoto University for his continual en- 
couragement and valuable discussion. 
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On the Stripe Pattern during Rolling 
of Viscous Materials 


Toshimaro SONE, Masayoshi FUKUSHIMA 


Research Laboratory, Snow Brand Milk 
Products Co. Ltd. Higashi-Sinagawa 
Tokyo 
Eiichi FUKADA 


Kobayashi Institute of Physical Research 
Kokubunji, Tokyo 


(Received July 11, 1960) 


A regular pattern of stripe has been observed 
in a number of viscous materials during rolling on 
the roll mill. The photograph shows the stripe 
pattern that appeared in the butter during rolling. 
The roll mill employed is the ordinary type of 
two duplicate cylinders which is originally design- 
ed for the calendering of synthetic resins at high 
temperature. The length and diameter of roll are 
17.5cm and 7.6cm respectively and the speed of 
rotation can be varied from 18 to 45 r.p.m. 

As is seen in the photograph, the pattern appears 
on both surfaces of rolls, parallel to the direction 
of rotation and with the same distances between 
successive peaks. The distance between peaks in 
the stripe is closely associated with the viscosity 
of the material on roll. Fig. 1. depicts the relation 
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between the distance between peaks D and the 
viscosity 7 of the butter during rolling. a is the 
clearance between two rollers. The experimental 
formula derived for the relation is 7=7% exp C/ 
(D.-D), where C and Dy are constants which are 
determined by experiments. The viscosity 7 has 
been measured at 600c/s by an oscillation-plate 
viscometer. Some results for the condensed milk 
is also plotted in the same curve. 

When the butter is subjected to working by the 
roll mill, the viscosity of butter decreases gradually 
with the rolling time. The number of peaks in 
stripe increases, in another words, the distance 
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between peaks decreases with the decrease of 
viscosity. When the effective length of roller is 
varied by moving the two spacers located in both | 
ends of roll, the distance between peaks is never 
changed, although the number of peak is inevitably 
altered. 
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Fig. 2. 

The generation of the stripe pattern is quite 
stable. Even if the pattern is broken by stirring 
the butter mechanically, it reappears again directly 
after passing of material through the clearance of 
rolls. The stripe with a certain number of peaks 
is stable for a certain range of viscosity. If the 
viscosity decreases further, the alignment of peaks 
becomes unstable and fluctuating, then a new peak 
adds the stripe and makes the pattern stable again. 
Therefore, the correlation curve between the 
viscosity and the distance between peaks is not 
continuous but discontinuous one with the zig-zag 
breaks. 

The similar behaviour during rolling has been 
observed in many materials other than butter, 
for example, honey, syrup, grease, silicone oil etc. 
Fig. 2. illustrates the relation between the clea- 
rance of rolls and the distance between peaks in 
the stripe observed in a printing ink on the roll 
mill. The apparent viscosity of printing ink 
decreases with the increase of shear rate of flow, 
which is determined by the roller speed and the 
clearance between rolls. Fig. 2. reflects, therefore, 
the close correlation between the distance between 
peaks and the apparent viscosity of printing ink. 
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(Received July 26, 1960) 


It has been known that there are several kinds 
of trapping centers”) in a silicon crystal which 
is pulled from a melt in a fused silica crucible. 
Kaiser, Frisch and Reiss) have suggested that 
these trapping centers would correspond to the 
electrically active complexes containing two or 
three oxygen atoms. They have also shown that the 
complexes containing four oxygen atoms are 
ascribed to the thermal donors formed during heat 
treatment at 450°C, and have postulated that these 
electrically active complexes are generated by the 
successive reactions from atomically dispersed 
oxygen atoms. And the density of these dispersed 
oxygen atoms can be assumed to remain nearly 
constant») in the initial stage of the annealing 
process. According to this assumption, it can be 
shown that the increase of these electrically active 
complexes is monotonous against the annealing 
time. In order to see whether this expected 
behavior of the complexes is in accordance with 
that of the density of a-trapping centers or not, 
we have investigated the rate of formation of a- 
trapping centers and thermal donors in n-type 
silicon crystals grown from quartz crucible due 
to annealing at 450°C. 

Our experimental procedure and results are as 
follows. In the first step, the etched specimen 
was heated on a molybdenum boat in a purified 
hydrogen atomosphere for 30 minutes at 1350°C. 
Then, it was quenched by sliding the molybdenum 
boat to room temperature part of the furnace. 
In the succeeding steps, the specimen was heated 
in the same furnace for definite time intervals at 
450°C, repeatedly. After each step of the heat 
treatments, the densities of added electrons and 
e-trapping centers were measured. The former 
was estimated from the resistivity, and the latter 
was estimated from the time dependence of the 
photoconductivity. An example of our experiment- 
al results is shown in Fig. 1. The increase of elect- 
ron densities is monotonous in the initial stage of 
annealing. However the density of a-trapping 
centers is zero after quenching from 1350°C and 
shows maximum for annealing time of about 30 
minutes at 450°C. Thus, this result indicates that 
a-trpping centers in m-type silicon cannot be 
described as the complexes containing two or three 
oxygen atoms. On the other hand, it has been 
confirmed that an oxygen-free silicon crystal which 
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is grown by floating-zone technique contains no 
trapping center. This fact indicates that a trapp- 
ing center has something to do with the presence 
of oxygen atoms dispersed in a silicon crystal. 
Accordingly, it may be predicted that e-trapping 
centers would correspond to the complexes which 
contain not only oxygen atoms but also other 
impurity atoms or crystal defects, i.e. vacancies, 
interstitials or dislocations. 
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Fig. 1. Densities of a-trapping centers and 


added electrons versus annealing time at 450°C. 


The behavior of trapping center is now being 
investigated against the following conditions: (1) 
speed of quenching from 1350°C (2) dislocation 
density (3) concentration of dissolved oxygen atoms. 


We are indebted to Mr. Toshio Abe and Mr. 
Teruo Kobayashi for their kind advices and 
discussions. 
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Die Schwankung der Zundstelle eines 
brennbaren Gemisches bei der Selbst- 
Zundung in Stosswellen 


von Kunio TERAO 


Institut fiir physikalische Chemie der 
Universitat Gottingen 
(Received July 9, 1960) 


Die Induktionszeit der Selbstztindung eines 
brennbaren Gemisches hat allgemein eine Schwank- 
ung@), die aus physikalischen Gritinden unvermeid- 
lich ist. 

Um diese Schwankung der Ztindstelle zu messen, 
wurde ein StoBrohr von 4m Lange und 3cmx3cm 
Querschnitt benutzt, und der Versuch wurde genau 
so wie bei der Messung®) der Induktionszeit der 
Selbstztindung durchgefuhrt, namlich das Rohr 
wurde mit einer Membrane aus Aluminiumfolien 
in zwei Teile getrennt. In den ersten Teil wurde 
Hochdrucktreibluft eingeftihrt und in den andern 
wurde das Gemisch _ eingefihrt. Wenn die 
Versuchsbedingungen erfiillt waren, wurde die 
Membrane mit einer Stechnadel zerbrochen, so daB 
die StoB8welle in das Gemisch lauft. Die Entziind- 
ung entsteht in der reflektierenden StoBwelle an 
der Endwand. 

Als Endwand wurde eine Plexiglasplatte einge- 
setzt, so daB man von drau8en mit einem Photo- 
multiplier die Entziindung im ganzen Stof8rohr 
messen kann. An einer Seite des Endteils des 
StoBrohrs wurde ein Fenster aus Plexiglas ange- 
bracht, so daB man von dieser Seite mit einem 
andern Photomultiplier die Entztindung im Raum 
des StoBrohrs hinter dem Fenster messen kann. 


Endteil des S toBrohrs 


Endwang 


Reflektiere nde Stofwelle 


ne eee 
Einfallende Stofweille 


DN 
8S 
ial 
=! 


Plexiglas- 
fenster 


Photomultiplior 


Die beiden Photomultiplier? wurden an einen 
Zweistrahloszillographen angeschlossen, so daB sie 
gleichzeitig gemessen werden konnten. Wenn die 
Entztindung im Raum direkt hinter dem Fenster 
losgeht, mu8 die Induktionszeit, die mit dem 
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Photomultiplier von der Seite gemessen wird, 
gleich der Induktionszeit sein, die mit dem andern 
Photomultiplier vor der Endwand gemessen wird. 
Wenn die Entziindung im andern Raum losgeht, 
mu8 die Induktionszeit, die mit dem Photomul- 
tiplier von der Seite gemessen wird, langer sein, 
als die mit dem andern Photomultiplier gemessene. 

Wenn man die Breite des Fenster andert und 
mehrere Male denselben Versuch macht, bekommt 
man eine Verteilungskurve der Ziindstelle. Bei 
diesem Experiment wurde der Versuch bei Verschi- 
edenen Fensterbreirte ausgeftihrt. Die Breite des 
Fensters betrug: 20,0mm, 22,5mm, 25,0mm, 
27,5mm und 30,0mm von der Endwand. Bei 
jeder Breite des Fensters wurde 20 Mal unter 
derselben Bedingungen gemessen. 

Von dieser Verteilungskurve der Ziindstelle kann 

man die Wahrscheinlichkeit der Entztindung in 
einer Volumeneinheit bekommen, aber dabei muB 
die Zeitanderung berticksichtigt werden, genau so 
wie bei der Messung der Wahrscheinlichkeit der 
Entziindung in einer Zeiteinheit die Voluméander- 
ung beriicksichtigt wurde. Wenn man Folgende 
darstellt: 
P(l): die Wahrscheinlichkeit daftir, daB im 
Abstand | von der Endwand des Stof8rohrs keine 
Entziindung und in gréfBeren Abstand Entztindung 
auftritt; u(l): die Wahrscheinlichkeit der Entzitind- 
ung in einem Mol und in einer Millisekunde an 
einer Stelle J; ¢:Zeit nach der Reflektion der 
StoBwelle an der Endwand; J: Abstand von der 
Endwand; D2: Geschwindigkeit der reflektierenden 
StoBwelle; A: Querschnittsflache des Stofrohrs 
dann©®)@) folgt 


_ {2-DsInP(l) -1nP()} 

A+(1;2—1;2) : 
Bild 2 zeigt das Versuchsergebnis eines Methan- 
Luftgemisches (Konzentration 5,5%) und die Kurve 


u1)= 


ist wirklich eine Gerade. Daraus erhalt man 


HL) =140 x 102/Mol-msec., «(l) wirklich von | 


unabhiangig. 
Dabei_ konnte man nur das _ Druckverhiltnis 
Treibdruck zu Unterdruck messen. 
Pr 21,0at 
P,  0,15at ae 


Von der Schwankung der Induktionszeit wurde 
die Wahrscheinlichkeit der Entztindung in einer 
Millisekunde und in einem Mol unter ahnlichen 
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Bedingungen ee = 152, die 
Rtickwelle ae berechnet. Sie ergibt sich y(t) 
=50 x 10?/Mol-msec. Eigentlich ist «(t) nicht anders 
als y(l), und sie miissen miteinander iibereinstim- 
men, wenn die Bedingungen gleich sind. Das 
Resultat des Experiments zeigt, da& sie miteinan- 
der ziemlich gut tbereinstimmen, 
Versuchsfehler berticksichtigt. 
Damit wurde bewiesen, da& die Ziindstelle der 
Selbstztindung eines brennbaren Gemisches eine 
Schwankung hat, und da auch die Menge des 
Gemisches auf die Entziindung grofen Einflu8 hat. 


Temperatur der 


wenn man 
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Electron Spin Resonance of Manganese in 
Ammonium Chloride 
By Hidetaro ABE and Hiroko SHIRAI 
The Institute for Solid State Physics, 
University of Tokyo 
(Received July 11, 1960) 
Recently, divalent manganese ion incorporated 
into cubic crystals of monovalent alkali halides has 


been extensively investigated with the electron 
spin resonance techniques')2) which give us detailed 


informations about the electronic structure of the 


ion and its environments. 

The crystal structure of alkali halides belongs 
to the NaCl type, one of the simplest lattices. In 
the present report, ammonium chloride, NH,Cl, is 
used as the host crystal which belongs to the CsCl 
type, another of the simplest crystal lattices. It is 
known that ammonium chloride has three crystal 
modifications. The @ modification is stable at a 
temperature range from 184.3°C to -30.5°C (the A 
temperature) and has the crystal structure of CsCl 
type, if an ammonium group, NHg¢', is treated as 
a monovalent positive ion.3)*) 

The sample crystals were grown from the mixed 
aqueous solution of ammonium chloride and mang- 
anese chloride, MnCl,-4H.O, with a weight ratio 
about 100: 1. The ESR spectra were observed at 
room temperature (about 20°C) with the static 
magnetic field rotated within the (001) and the (110) 
plane. The spectrometer works at about 23,110 Mc 
which was used to study the copper butylate 
monohydrate.°) 
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In our preveous study®) with 9000 Mc spectro- 
meter, the observed spectra could not been analyzed 
because the influence of crystalline field was much 
larger than the Zeeman energy. With our 24,000 
Mc spectrometer, the Zeeman energy just exceeds 
the former. The ESR spectrum consists of many 
lines which spread over a wide range of magnetic 
field, e.g. at the [100] direction they appear from 
1,705 oer, to 14,940 oer. The results are fairly well 
expressed with a spin-Hamiltonian: 


37=2bHS +DS2-+A 1S (1) 


with parameters of g =1.984 (isotropic), D=1600+25 
oer., and A=93+ 4 oer. The crystalline field seems 
to have no rhombic part (E+0). There are three 
equivalent choices in direction of z-axis which are 
three cubic axes of the crystal: [100], [010], and 
[001] axes. This suggests the manganese ion sub- 
stitutes an ammonium group (NHy,"*) and one of the 
six nearest neighbour ammonium ions becomes 
vacant to secure the requirement of charge neu- 
trality. This model satisfies the axially symmetric 
field by a consideration on atomic arrangements. 

The crystalline field parameter, D, in the present 
case is anomalously large compared with the case 
of manganese ion in some hydrated crystals” (100~ 
200 oer.) or in NaCl!) (130 oer.). 

Results at reduced temperatures, in bromide 
crystals, and further discussions will be published 
in a forthcoming paper. 
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A Note on the Magnetic Resonance 
in Metals 


By Ko SUGIHARA 


Technical Research Department, Wireless Division, 
Matsushita Electric Industrial Co., 
Kadoma, Osaka 


(Received June 13, 1969) 


The effect of the normal skin effect on the line 
shape of the magnetic resonance of the localized 
spins was studied by Bloembergen!). For a pure 
metal at liquid helium temperatures, the free path 
of the conduction electrons is large compared to 
the skin depth in the radio-frequency range, actual- 
ly typical values of the free path are J/>10-3 cm 
and the penetration depth 6 for angular frequency 
wo~10° sec-! is 10-*cm. In this note we shall 
derive the absorption curve in NMR in the 
anomalous skin effect region.*) 

The theories of the anomalous skin effect in the 
presence of a static magnetic field have been given 
by Heine,‘) Azbel’-Kaner’) and Mattis-Dresselhaus®’ 


in connection with the cyclotron resonance in 
metals. 
A semi-infinite sample is considered with its 


bcundary in the z=0 plane and positive z direction 
is towards the interrior of the metal. The oscil- 
lating field Hy exp(iwt) and the static field are 
parallel to the y-axis and to the z-axis respec- 
tivelly. The absorption rate is given by 


P =(¢/4n)?,2(ReZ) (1) 
where Z represents the surface impedance. Taking 
into the consideration of the permeability 4, Z is 
written in the form 

Z=—Aniwyc-2 H,(0)/ E’;(0), (2) 


where #,(0) stands for the z-component of the 
eectric field and #’,(0) its derivative at z=0. 
Neglecting the displacement current, Hz(0)/E’c(0) 
can be written as 

i 


nNOS Mais Boy td: 
E’x(0) 3 VA 31\ 372op0 
1/3 
«tanh Pet tier) | 
WcT ry 
where o is the D. C. conductivity, we the cyclotron 
frequency and r is the time of relaxation of the 


(3) 
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*) The extension of the Dyson’s theory?) of para- 


magnetic resonarce by the conduction electrons 
in the normal region was carried out by Kittel), 
but his theory can not be applicable to the pro- 
blem of the localized spin system. 

t) Putting »=1, we obtain the Eq. (27) given by 
Mattis-Dresselhaus. 
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conduction electrons. 
small, the real peal part of Z becomes | 


yf 


8 he 
ReZ=Ry {1+ ee 2a 


Ry 5 (ae ree | a 


cto cosh (x/wer) |. 


If the electron’s orbit are not quantized, (4) re 
duces to the result given by Reuter-Sondheimer.” | 


From Eq. (4) it is concluded that the absorption. 


rate by the spin system is proportional to (X’/)/ & 
+x’) in the anomalous region, on the other hand 
to (X’--X”) in the normal region. For simplicity, 


As wrt, w/we and |X| are very/ 


ay 


i 


4 
| 


we assume that the line shape is given by the: 
Bloch-type and far from saturation, then the ratios | 


of the absorption maximum and minimum ané 


their positions are easily obtained and they are’ 


summarized in the following table. 


| ratio of | 


absorp- 
tion 
max. 
and 
min. 


position of | 


position of min. | 
max 


Normal a V2 -140T= RE AD By 14: - 


Anomalous de. —=2- yo taTs= —(2-FY 300. 


Fig. 1. Absorption curves in the normal and the 
anomalous region. 


Absorption curve in which the maximum values 
are normalized to 1 are shown in Fig. 1. Unitil 
now, we limit our discussion to the semiinfinite 
sample but it is desirable to analize the relation 
between the dimension of the sample and the 
absorption curve. Particularly, it seems to be 
interesting to us to investigate the problem in 


the region />d>0, where d is the thickness of 


the sample. 
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1/f Noise and Channel in Ge 
PN Junction 


By Kiichi KOMATSUBARA*, Yoshio INUISHI, 
_ Hiroshi EDAGAWA* and Tsutomu SHIBAIKE 


College of Engineering, Osaka Uuiversity. 
*Kobe Kogyo Co.. i 


(Received June 25, 1960) 


We have been studying the mechanism of 1/f 
noise in semiconductor pn junctions,“)©) and sug- 
gested that the channel is a predominant source 
of the 1/f noise in reversely biased pn junctions. 
Now some direct evidence of this suggestion have 
been found in our measurement of ‘‘field effect’’ 
on excess noise. Ge grown pn junctions were 
placed like Fig. 1, where surface field electrode 
of conducting glass were attached to the cleaned 
function surface through a thin mica separator. 
The glass tubes containing the specim:n were 
svacuated at 10-'mm Hg for several hours and 
sealed. Ge pn junction thus prepared were 
‘eversely biased at the voltage Ve and various 
surface fields were applied on the junction by the 
roltage Vy on the field electrode as shown in 
4ig. 1. The mean reverse current I through the 
unction and the mean square short-circuit noise 
urrent <4i2> at 1kc were measured at various 
ralues of Vy and Ve. 

As an example, Fig. 2 shows the noise <47?> and 
urrent J in n+p junctions as function of surface 
ield voltage Vy. For V,>0, inversion layer or chan- 


Conducting glass 
Nica spaser 
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nel grows in the high resistivity (p) side and 
for Vr<0 accumulation layer grows in the high 
resistivity side as will be mentioned later. Now 
we can see in Fig. 2 that the channel produces the 
remarkable increase both in excess current and in 
excess noise. Judging from the frequency spectrum 
of the noise as shown in Fig. 3, the channel noise 
is mainly 1/f type. Similar data for ptm junction 
are shown in Fig. 4, which also show that the 
channel formation in high resistivity side at 
V7<0 produces large 1/f noise accompanied by the 
increase in excess current. 

This channel formation was confirmed by illumi- 
nating the reversely biased junction surface by 
fine beam of chopped light through conducting 
glass electrode at various voltage Vy and examin- 
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ing the photo-current as the function of beam 
position. The details of these experiment will be 
published in a full paper soon. 


Amp*/ cycle 
x PelOne 


NO| 
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mean square noise current — 
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| 2 4 8 (kc) 
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Fig. 4. 
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Spin Wave Resonance in Ni Films 


By Hiroshi Noss 
Department of Physics, Faculty of Science, 
Tokyo Metropolitan University 
(Received June 14, 1960) 


e ‘Spin Wave Resonance’’ (S.W.R.) proposed 
by Kittel) was confirmed from the observation in 
80 Ni-Fe film by Seavey and Tannenwald.2) The 
present report shows that it was confirmed also in 
Ni film provided that a certain condition was 
satisfied. 

In the thin film, it was suggested by Macdonald?) 
that the usual expressions of ferromagnetic re- 
sonance condition had to be modified. When an 
external magnetic field Hy is applied parallel to 
the film plane, 


2 
(=) =(H -+4nM+ GEE co 


7 M M 
Shou 
H 
x( ee Mu 


cos 29), 


Ss *0 | 
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where M and i are the saturation magnetizatio 
and magnetostriction constant of the bulk, respee 
tively; ¢ is a planer stress isotropic in the fill 
plane; ow is a uniaxial stress lying in the film plar 
at an angle 9 out of the direction of M. Th 
stresses are positive for tension, and negative fc 
compression as usual. The uniaxial stress he 
been introduced in place of the uniaxial anisotrop) 
though the latter is commonly used. / 

Similarly in the case of the magnetic field / | 
perpendicular to the film plane, 


© Bia Show | 2A 4, 
eng = (Hi 4eM—y Me eat ie) 
3A 2A 
x (Hi 4M — “ap +g) 


where the term 2Ak2/M expresses the S.W.R.; 1 
exchange coupling constant A=4JS2/a (a: * 
lattice constant for f.c.c., J: the exchange enersy 
S: the spin angular momentum); the magnitude a 
the wave number k=pr/L (p: an odd integer, 1 
the film thickness). 

Ni films in the present work were prepared b 
evaporating on the mica- and glass-substrates heate 
at 15~320°C in vacuum (4x10->5 mmHg). The fiir 
thicknesses measured by the multiple beam inter 
ferometer were 1000~3000A. The presence of . 
magnetic field about 50 Oe in the course of thi 
evaporation or annealing affected hardly the S.W. 
in these films. 

Some of the results obtained by the ferr 
magnetic resonance at 9,300 Mc/s, and the crystal 
line structures examined by the electron diffraction 
are briefly reported. 

i) The films evaporated on the mica heated a 
320°C had ¢=5.3x10° and ou=—1.9x10* dyne/cm: 
in agreement with the observation by Macdonalc 
carried out only in the case of the parallel field a 
23,000 Mc/s. These values did not remarkably 
depend on the substrate temperature. This is pre 
sumably due to the fact that the cleavage surface 
of mica is fairly clean and smooth. The S. W.R: 
in these films was not clearly observed. | 

ii) In the films evaporated on the glass main. 
tained at room temperature, magnitudes of stresses: 
considerably fluctuated: that is ¢=(6~12) x 10° and 
ou=—(1~5)x10° dyne/cm?. This fluctuation as: 
well as these magnitudes, however, decreased with 
the rising substrate temperature, for example at 
320°C o=(4.0~4.5)x 10° and ou=—(0.2~0.5) x 108 
dyne/cm?. These results are quite different from 
the films on the mica and somewhat attributable 
to inhomogenities on the surface structure of glass 
substrate. The S.W.R. in these films could be 
definitely observed provided that the films prepared 
at room temperature had not only larger stresses 
but also sharper absorption line. They had L= 
2000~2500A, p=4~7, and A=(0.47~0.59) x 10-8 
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erg/cm. Even if they were annealed at 100~300°C 
for one hour in vacuum immediately following the 
evaporation, the definite S.W.R. disappeared. 

jii) While the half-widths (4H between maximum 
slopes) were about 4H, =300~600 and 4H, =250 
Oe in the films prepared on the mica at any sub- 
strate temperature they were 4H, =200~600 and 
AH | =180~300 Oe, and 4H, =250~350 and 4H, = 
180~280 Oe in the films prepared on the glass at 
room temperature and at 320°C, respectively. 
They also depend on the condition of substrate 
surface as described above. Though its fine struc- 
ture of absorption line could not be made clear, 
the S.W.R. seems to exist also in parallel field 
taking account of the skewed absorption line and 
AE =A % 

iv) By investigations with the eiectron diffrac- 
tion, it was found that the preparation of the 
single crystal films on the mica by socalled 
Epitaxy failed at any substrate temperature. On 
the other hand, the films prepared on the glass 
maintained at lower temperatures had the fibre 
textures whose axes were [110] and/or [111] 
normal to the films, but the ones prepared at the 
temperature higher than 200°C had no fibre tex- 
ture and the sharper diffraction lines. According 
to the results obtained, these fibre textures are 
presumed to have no relation with the excitation 
of the S.W.R. and the magnitude of stresses. 

The author wishes to express his thanks to 
Prof. R. Kimura for his continued encouragement 
and to Dr. M. Kuriyama for his cooperation. 
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Magnetic Property of Cr:0; 


By Eiichi HIROTA and Buichi KUBOTA 
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(Received July 4, 1960) 


Various intermediate chromium oxides between 
CrO and Cr.0O; are obtained by heating CrO; 
under high oxygenic pressur2. These oxides are 
Cr303, Gr.O; and CrO,. Of these oxides, chromium 
dioxide, CrO,, is ferromagnetic. A number of 
investigations on this dioxide have been reported, 
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but there are few reports of the other oxides. In 
the present note the result of magnetic measure- 
ments on Cr,O, is reported. 

The specimen was prepared by heating CrO; up 
to 305°C under an oxygenic pressure of 95 Kg/cm? 
for 12 hours. The X-ray powder pattern of the 
specimen showed only the Cr;O; phase, but the 
background was remarkable. The oxygen content 
of the specimen was determined from the ignition 
loss at 1,000°C for 1 hour, and the result showed that 
the specimen was CrO,.4;. From thermogravimet- 
ric and differential thermal analysis, it was found 
that the oxide was stable up to about 380°C in air. 
The density was about 3.24. Impurities of the 
specimen were also examined by spectroscopic 
analysis and traces of Ca, Cu, Fe, Mg, Na, Pb and 
Si were detected. 

Magnetic measurements were carried out with 
the use of an automatic recording magnetic balance 
in the temperature range between 77°K and 500 K. 
The paramagnetic susceptibility of Cr.O0; at room 
temperature was obtained as 


% =(19.4+0.5) x 10-® e.m.u./g, 


where an aqueous solution of Ni Cl, was used as 
the standardizing solution. 


x°=(19.4t05)xl0” 
em.u/Q 


-l00 O j00 =6©200)=6300 400 500 
sce ea dal 
Fig. 1. Inverse susceptibility versus temperature 


curve for Cr,Os. 


From thermomagnetic measurements the 1/x-T 
curve was obtained. The result is shown in Fig. 
1. In the high temperature range the 1/x-T curve 
is well described by the Curie-Weiss law, X=C/(T 
+9, where C=8.44x10-%e.m.u./g-deg, 9=140°K. 
It seems resonable to conclude that Cr,O is anti- 
ferromagnetic. To make this conclusion more 
definite. measurements below 77°K are desirable. 
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Thermal Bleaching of F—Conters of 
Gamma-Irradiated KCl at 
Low Temperatures 
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In order to investigate the nature of color centers 
in KCl formed by gamma-irradiation at low tem- 
peratures and the mechanism of their formation, 
the thermal bleaching curve of F-—centers was 
measured. 

Tbe specimens which were obtained from the 
ingot purchased from Harshaw Chemical Co. were 
kept in the cryostat with quartz window set in the 
Co® 10,000 Curie cave in Japan Atomic Energy 
Research Institute (JAERI). After irradiation the 
change in the optical absorption was measured by 
the Cary spectrophotometer. The coloration of 
the quartz window is small as compared with that 
of KCl crystals in the interesting wave length 
range and can be subtracted without causing 
substantial error. 

The irradiated specimens were warmed at a rate 
of about 1°C/min and during that the absorption 
coefficient of the specimen was measured intermit- 
tently by sweeping the spectrometer at the speed 
of 5myu/sec. The temperature dependence of the 
band width of the F—band was obtained by measur- 
ing the temperature dependence of the peak value 
of the F-band of gamma-irradiated KCl at room 
temperature, in which case, the change of the 
absorption coefficient with temperature was reversi- 
ble showing that the absorption intencity is con- 
stant. The dependence of the band width on the 
temperature thus obtained is nearly the same as 


Fraction ot F Center Remaining 


80 120 160 200 240 280 320 
Temperature (°K) 


Fig. 1. Annealing curve of F-centers of KCl 
gamma-irradiated at liquid nitrogen tempera- 
ture. I; 9.4104 r, no (initial F center concen- 
tration) =3.8x1015/cc, II; 17x10 
10!8/cc. 


r, No=4.6x 
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that obtained by Russel and Klick), and used to 
calculate the concentration of F-centers from the 
peak value of the F-band at various temperatures 
during warming up. 

Fig. 1 shows the bleaching curue of F centers 
of KCl irradiated at liquid nitrogen temperature 
by various gamma dose. It is clear that the sharp 
decrease of F centers occur at tie temperatures 
Of 982K Al16S Kadi 722K, e260°Ker and! 627 8h Ge 
should also be noted that the gradual decrease of 
the concentration of F centers can be observed 
besides the sharp decreases especially when the 
crystal was heavily colored. This is more clearly 
seen in the bleaching curve of KCl irradiated at dry 
ice temperatures. 

As F centers are stable thermally in these tem- 
perature range?), the decrease shown in Fig. 1 
seems to be due to the thermal decomposition of 
V centers. Measurements were also done on the 
change of V bands during warming up. In the 
temperature range in which the first decrease of 
F centers occur, most of V,; centers disappeared, 
showing that this decrease is due to the decomposi- 
tion of V, centers. From the results of Delbecq 
et al3), the second stage seems to be related to the 
Vx centers. The forth and fifth stage were ob- 
served to correspond to the V, band and the band 
having the peak near 270m, respectively. 

The decrease of the concentration of F centers 
in each stage seems to be a measure of the con. 
centration of each V centers formed by gamma- 
irradiation. It is interesting to know that the 
concentration of V, centers is nearly proportional 
to the initial concentrations of F centers, whereas 
the concentration of Vx centers increased super- 
linearly with increasing gamma ray dose. Cor- 
responding to the superlinear incaease of Vx 
centers, the concentration of F centers which 
remain stable after warming up to room tempera- 
ture saturates in the case when irradiated at liquid 
nitrogen temperature. 


The gradual decrease of the F center concentra- 
tion during warming up may occur if some cluster- 
ing of V type centers lowers their activation 
energy for thermal decompositicn. In this connec- 
tion it is interesting to note that Markham et al 
have shown‘) that the distribution of F centers 
are not so uniform in KBr irradiated at room 
temperature, from their bleaching experiments at 
liquid helium temperature. In order to clear these 
points and effects of impurity on the annealing 
curve more experiments are now in progress. 

Most parts of this work was done while Nuclear 
Engineering one of the authors (N. I.) was in 
the course of School of JAERI. The authors 
would like to express our gratitude to Prof. 
Y. Takagi, Dr. K. Kubo and other staffs of 
the {Solid State Physics Division of JAERI and 
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also to the members of solid state group of Suita’s 
Laboratory. 
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Oscillatory Magnetoresistance in 
| N-Type PbTe 


| By Yasuo KANAI, Riro NII and Naozo WATANABE 


Electrical Communication Laboratory, 
Musashinoshi, Tokyo 


(Received July 5, 1960) 


As is well known!), the mobilities of electrons 
and holes in PbS, PbSe and PbTe become very 
large at liquid helium temperature. This fact 
suggests us that the oscillatory galvanomagnetic 
effects could be observed in these semiconductors 
at very low temperatures. 

Hall. effect and megnetoresistance of n-type 
PbTe were measured at 4.2°K in a pulsive strong 
(over 100 KG) magnetic field. The transverse 
magnetoresistance versus magnetic field strength 


——=magnetoresistance ap /p, 


IOO kG 


50 
——> magnetic field strength 


Fig. 1. The transverse magnetoresistance versus 
magnetic field strength curve of an n-type 
PbTe crystal at 4.2°K. The symbols - and 
x show the values obtained when the magnetic 
field increased and decreased respectively. 


curve of one of our samples is shown in Fig. 1. 


This sample had the following character at 4.2°K; 
electrical resistivity o)=2.15 <10-*ohm-cm, Hall 
coefficient Raz =—35.6 cm?/Coul., hence Hall mobi- 
lity § #_7=| Ra) /0)=1.65 x 10° cm?/V. sec. As we 
can see in Fig. 1, it is quite clear that there are 
some oscillatory parts in the magnetoresistance 
effect in n-type PbTe. But we could not find any 
anomaly in the Hall effect of the same sample. 

Further systematic investigations on the oscil- 
latory galvanomagnetic effects in PbTe are now 
in progress and the results will be reported in 
this Journal. 
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Sign Reversal of Hall Coefficients at Low 
Temperatures in Heavily Compensated 
p-type Germanium 
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(Received July 8, 1960) 


Impurity center conduction in germanium has 
been well examined by Fritzsche et al! and other 
authors?. However, mo one has_ successfully 
observed sign reversal of Hall coefficients even in 
deliberately compensated specimens. According to 
the two carrier model! of free holes and acceptor 
electrons, there might be the sign reversal provid- 
ed the mobility and the concentration of free holes 
are very small while those of acceptor electrons 
are quite large. These conditions will be realized 
if the crystal is quite heavily compensated, as 
illustrated in Fig. 1. 
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Fig. 1. Comparison between (1) uncompensated 
and (2) heavily compensated p-type Ge. Note 
that n4)n°4 and pp(yp" because of added donors. 
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The present authors, therefore, prepared such ohm-cm was heavily compensated with Sb. | 
a crystal in which the ingot initially containing resultant specimens cut from this crystal indicates 
~2x10!6 Gacm-% and having resistivity of 0.2 resistivity of ~0.32 ohm-cm and p-type Hall coeffici-. 

ent of~740 cm coul-'. at room temperature, sug-- 


oe 6/5 4 3 25 2k : j : 
P Tee tas T gesting ~40%6 compensation. When the measure-- 


wa 

j 

i | ments were carried out at low temperatures, The: 

Hall coefficients at 5,000 gauss, as plotted in Fig.. 

2, indicated a maximum at 10°K, then decreased! 
as usual with decreasing temperature, and eventual. | 
ly the sign reversal occurred nearly at 5°K.|] 
Thereafter the Hall coefficients flattened off, show-- 
ing temperature insensitive behaviors. Meanwhile,, 
the resistivity showed typical characteristics of! 
impurity conduction below 10°K. Similar results} 
have been obtained on several specimens. 

The data were analysed by the two carrier’ 
model, which is expressed by 


Ry 2 Tobie? ranma 
e (Pup + Nba)? 
where 7» and r, are assumed to be unity in the; 
present case. Some quantities thus determined| 
are presented in Fig. 2. The values of wp and! 
“wa Seem reasonable®+ except na slightly exceeds} 


N4. 


» Po=e (pep -naua)~? 


P, (OHM-CM) , (CM. sec) 
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Energy Dependence of Angular Distributions of the Reaction 


Alp, a)Mg™ in the Energy Region between 10.5 
and 14.5 Mev* 


By Hiroshi OGata, Hidehiko Iron, 
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Yoshiko MAsupaA, Kunio TAKAMATSU, Maumi KAWASHIMA, 
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The angular distributions of the reactions Al2%(p, a)Mg?4 resulting in 
the ground and first excited states of Mg?4 were measured at 37 energies 
between 10.5 and 14.5 Mey, making use of proportional counters. 

Similar behaviour was obtained for both reactions. The variation of 
the shape of the angular distributions with the bombarding energy is 
rather smooth in the higher energy region, but becomes rapid with de- 
creasing the bombarding energy. There appear some resonance-like 
peaks and valleys in the excitation curves at laboratory angles of 50°, 
90° and 130° but their positions are not coincident with one another and 
in the higher energy region these peaks disappear in the excitation 
curves for the total cross sections. 

The variations of the excitation curves for the total cross sections 
and of the shape of the angular distributions with energy in the lower 
energy region may be due to the fluctuations in the number or proper- 
ties of the compound nucleus levels and to the interference between the 
compound nucleus and direct interaction processes. The smoothing-outs 
of the excitation curves for the total cross sections and of the variation 
of the shape of the angular distributions in the higher energy region 
seem to be due to the effects of decreasing level spacing in the com- 
pound nucleus and of increasing contribution from the direct interaction 
process. However, in the entire energy region, the interference between 
the compound nucleus and direct interaction processes and some contri- 


bution from the heavy particle stripping process cannot be neglected. 


§1. Introduction 
The sharp energy dependence of the dif- 


ferential cross sections for the (p, a) and 


(p, p’) reactions in the medium weight nuclei 
was reported by several authors. Fischer 
et al.! have measured the angular distributions 
of the reactions Al?"(p, ao)Mg** and Al*"(p, 
a:)Mg*** resulting in the ground and first ex- 
cited states of Mg’, respectively, at 10.87 
and 10.97Mev, as well as the excitation 
curves for these reactions in the energy 
region between 9.6 and 11 Mev. It has been 


* This experiment was performed using a 160cm 
variable energy cyclotron at the Institute for Nu- 
clear Study, University of Tokyo. 

Numerical data obtained in this experiment will 
be published in Memoirs of the College of Science, 
University of Kyoto. 


found that these excitation curves show a 
sharp energy dependence which is not expect- 
ed from the view-point of direct interaction 
theories. 

In a previous paper,” we have reported the 
excitation curves at a laboratory angle of 50° 
with respect to the bombarding beam, from 
12.7 to 14.1 Mev and the angular distributions 
at 14.1, 13.0 and 12.8Mev for the reactions 
Al?7(p, ao)Mg** and Al’"(p, a:)Mg"*. It has 
been found that the excitation curves show a 
sharp energy dependence, and some angular 
distributions show strong backward peaking, 
although the Al?"(p, ao)Mg*% data can be 
partially fitted by [J2(Q7)]’ of Butier’s 
theory.” 

For Ni and Si’ targets, the dependence of 
the yield of the inelastic scattering resulting 
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in the first excited state on the bombarding 
energy has been measured in detail by Hu 
et al.) by changing the incident proton energy 
finely at intervals of about 50kev. They 
have recognized that there were resonance- 
like behaviours with spacing of about several 
hundred kev. In order to interpret such 
sharp energy dependence, Igarasi et al.*) have 
proposed a nuclear model based on some kind 
of partial heating of the nucleus. 

In this situation the accumulation of more 
detailed experimental data is desirable for 
further development. In this paper the re- 
sults of measurements on the angular distri- 
butions of the reactions Al?’(p, av)Mg** and 
Al’*(p, ai)Mg*** at 37 energies between 10.5 
and 14.5 Mev are reported as a part of our 
extensive investigations on the (pf, @) reaction. 


§2. Experimental Procedure 


Proton beam was obtained from a 160cm 
variable energy cyclotron® at the Institute 
for Nuclear Study, University of Tokyo. The 
detector” is a proportional counter, as shown 
in Fig. 1, filled with argon and 5% CO: at 


Center wire 


Id Tubs 
lel see Teflon Insulator = 
ma asesizeczens Da 
aS 


Collimating Aperture 
Mylar 


Fig. 1. Proportional counter used for the detec- 
tion of the alpha particles. 


such pressures that the fast alpha particles 
from the individual (f, @) reaction lose their 
energies completely inside the _ sensitive 
volume of the counter. In this way alpha 
particle groups were easily separated from 
proton and deuteron groups. Two propor- 
tional counters making an angle of 40° to 
each other were placed on the turn table in 
the scattering chamber to save the time of 
the observation. In order to stop completely 
the alpha particles resulting in the ground 
state of Mg*‘, the counters were filled with 
A-CO: at pressures of 75.0, 64.4, 60.1, 51.0 
and 45.3cmHg for 14.55~14.28, 14.16~13.31, 
13.16~12.25, 12.17~11.70 and 11.53~10.65Mev 
respectively. The counter pressures could be 
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easily varied from the outside of the scatter- ) 
ing chamber. 

As a target a foil of aluminium of 0.668) 
mg/cm? in thickness was used which was ] 
placed at 45° with respect to the bombarding | 
beam, and corresponds to the energy loss of 
about 30 kev at 14Mev proton energy. The 
beam current was measured by a Faraday cup | 
and a beam current integrator, and further- 
more monitored by a CsI(TI) scintillation 
counter located at one of the side windows. 
of the scattering chamber making an angle 
of 75° with the beam direction. The detec. 
tor bias was chosen to count only the pulses 
due to the protons scattered elastically by 
aluminium. 

The beam energy was varied at intervals 
of about 100kev by varying the magnetic 
field and the frequency of the cyclotron. 
The energy of protons was measured careful- 
ly at the beginning and the end of each 
measurement of the angular distributions by 
the combination of aluminium absorbers and | 
a shallow ionization chamber. Using the 
range energy relation obtained by Bichsel 
et al.,® the absolute value of beam energy 
was determined within the experimental error | 
of 100 kev, and the relative value is considered | 
to be much more accurate. The energy spread | 
of the incident beam was not determined pre- 


cisely but it seems to be less than 50 kev. 


A typical pulse height distribution of the 
alpha particles from the reaction Al?*(p,q) | 
‘Mg** is shown in Fig. 2. Two peaks in 
Fig. 2 correspond to the reaction Al?*(p, av) | 
‘Mg* (Q=+1.595 Mev”) resulting in the 
ground state and the reaction Al?*(p, ai)Mg?4* 
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Fig. 2. Typical pulse height distribution of the 
alpha particles from the reactions Al?7(p, a)Mg?4 
resulting in the ground and first excited states 
of Mg*4 at a laboratory angle of 60° for 11.53 
Mev protons. 
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(Q=+0.227 Mev) in the first excited state of 
nag The energy resolution (full width at 
half maximum) was about 2.8% and the com- 
plete separation of the two peaks was ob- 
tained. Background due to oxygen and 
‘carbon contamination and reactions other than 
‘(p, @) reactions, for instance (p, p’) reaction, 
‘iS expected to have no influence upon the 
spectra, considering the Q values (Q=—5.208 
'Mev’” for O'%(p, aN and Q=—7.563 Mev 
‘for C(p, a)B®) and the energy losses in the 
‘counter volume. 


-§3. Results and Discussion 

Examples of the angular distributions are 
-shown in Fig. 3. Error bars represent the 
/ uncertainties due to counting statistics. All 
_the angular distributions measured here are 
: collected and the three-dimensional views of 
_them as a function of the incident proton 


| energy and the C.M. angle are shown in Figs. 


i 
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Fig. 3. Angular distributions of the alpha parti- 


cles from the reactions Al?*(p, ao)Mg’* and 
Alp, a,)Mg?4* at 12.5 Mev incident proton 
energy. The solid curves were drawn smooth- 
ly among experimental points. The errors are 
smaller than the points, unless shown other- 


wise. 
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4 and 5. The curves in these figures were 
drawn smoothly among experimental points 
as those in Fig. 3. Measured angle and 
magnitude of experimental errors are similar 
to those in Fig. 3. As can be seen from 
Fig. 4 and 5, for both reactions the variation 
of the shape of the jangular distributions with 
the bombarding energy is rather smooth in 
the higher energy region, but becomes rapid 
gradually with decreasing energy. 

Fig. 6 shows the excitation curves at 
laboratory angles of 50°, 90° and 130° for 
the reactions Al?"(p, a@)Mg?4 and AL(p, a1) 
-Mg?** as well as those for the total cross 
sections integrated from the angular distribu- 
tions. For both reactions there appear some 
resonance-like peaks and valleys in the excita- 
tion curves at laboratory angles of 50°, 90° 
and 130°, but their positions are not coinci- 
dent with one another and in the higher 
energy region these peaks disappear in the 
excitation curves for the total cross sections. 
Therefore these facts are considered to come 
from the variation of the shape of the angu- 
lar distributions with the bombarding energy 
and not from the presence of the intermedi- 
ate resonance levels proposed by Igarasi et al.° 
Thus it should be noted that without the 
measurement of the total cross sections it is 
dangerous to ascribe the resonance-like peaks 
in the excitation curves for the differential 
cross sections to the presence of the inter- 
mediate resonance levels. 

It is interesting to compare these results 
with the triton pickup or exchange theories. 
According to the simple theories of these 
surface direct interactions,*®) the angular dis- 
tribution for the reaction Al’’(p, a)Mg* is 
found to be essentially expressed as follows: 


do : 3 
ao © Merl ; 


where j, is the spherical Bessel function of 
order J, and Q is the momentum transfer as 
obtained by following equation: 


Q=| hy Ms 5 


My 
where ky and kaw are the center of mass 
momenta in units of % of the incident protons 
and emergent alpha particles, respectively, 
and M; and M; are the masses of Al*”’ and 
Mg*, respectively, and 7o is the interaction 
No angular distributions in the pre- 


? 


radius. 
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Fig. 4. Three dimensional view of the angular distributions for the reaction Al?"(p, ay)Mg?4 as a 
function of the incident proton energy and the C.M. angle. 


sent experiment are expected to be well fitt- 
ed by the direct interaction theories but 
partial fitting may be expected at least in the 
higher energy region. 

To interpret the present data, the peak 
positions in the angular distributions were 
plotted in Fig. 7 as a function of the incident 
proton energy and the C.M. angle. It can 
be seen that there are several mountain 
ranges, that is, groups of the peak positions 
in this figure. The presence of these moun- 
tain ranges suggests that the direct interac- 
tion process plays an important role in these 


I. Kumass, H. Ocata, H. Iron, Y. MasuDA, K. TAKAMATSU, M. KAWASHIMA 


(Vol. 15, | 


reactions. The movement of the peak posi- | 
tions to the forward angle with increasing © 
energy agrees in general with the prediction © 
of the direct interaction theories. The tri- 
angles in Fig. 7 indicate the peak positions | 
calculated from the direct interaction theory 
with radii of the denoted values in this figure 
and with the values of /=2 and /=0 for the 
reactions Al?"(p, ao)Mg** and Al?"(p, a:)Mg**, 
respectively, at 11, 12, 13 and 14Mev. These 
values of the radius were chosen to give the 
best fit to the mountain ranges. It can be 
seen that the general behaviours of the 
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Fig. 5. Three dimensional view of the angular distributions for the reaction Al?"(p, a,)Mg*** as a 
function of the incident proton energy and the C.M. angle. 


mountain ranges are reproduced by the triton 
pickup theory, although these values of the 
radius are considerably larger as compared 
with those used commonly and vary with the 
incident proton energy. Therefore the direct 
interaction process seems to play an impor- 
tant role in these reactions in the entire 
energy region observed here. 

The observed sharp energy dependence can- 
not be explained by the simple theories of 


direct interaction which predict very slowly 
changing differential cross sections. Modifi- 
cation of the direct interaction theories," in- 
cluding the distorted wave treatments, would 
probably also not produce such a_ sharp 
energy dependence. Owen and Madansky™ 
have obtained good qualitative agreement 
with the angular distributions for the reac- 
tions B'(d, n)C and C(He’, aC which 
show large energy dependence, extending the 
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ordinary deuteron stripping theory to include 
the effect of heavy particle stripping. This 
heavy particle stripping process gives the 
angular distribution having backward peaks 
for emitted alpha particles. The backward 
peakings which appear in the angular distri- 
butions at several incident energies in the 
present results show possibly the evidence of 
considerable contribution of the heavy particle 
stripping process. 

On the other hand, assuming that the re- 
action Al?(p, w)Mg®* occurs through the com- 
pound nucleus formation, the sharp energy 
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Fig. 6. Differential cross sections at laboratory 
angles of 50°, 90° and 130° and the total cross 
sections for the reactions Al?%(p, a))Mg?4 and 
Al(p, a,)Mg?4* as a function of the incident 
proton energy. 
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dependence cannot be expected from the | 
statistical theory,' which is based on the 
assumptions that there are many levels of | 
all types at the excitation energy of the com- 
pound nucleus (continuum assumption), and the 
corresponding wave functions have a random 
phase so that when phase averages are per-— 
formed all interference terms will vanish 
(statistical assumption). In this case, there-| 
fore, the continuum or statistical assumption 
cannot be satisfied. The compound nucleus, » 
Si?®, would have up to 22.2 and 25.6 Mev oi 
excitation at 11.0 and 14.5Mev of bombard- 
ing energy respectively. Since there are 2% 
levels'® in Si?® between 13.75 and 14.69 Mev, 
assuming the level density w(E)ocexp (E"”),!"’ 
w(22.2) and (25.6) are calculated to be about | 
80 and 115 levels/Mev respectively, although 
there is some uncertainty connected with the 
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Fig. 7. Peak positions in the angular distributions 
as a function of the incident proton energy and 
the C.M. angle. Double open circles, open 
circles and filled circles indicate the positions 
of large, medium and small peaks in the angu- 
lar distributions respectively. Triangles indicate 
the peak positions calculated from the direct 
interaction ‘theory for radii of the denoted 
values in the figure at 11, 12, 13 and 14 Mev. 
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‘calculation oft he level density by this equation. 
In the lower energy region, since level 
‘spacing in the compound nucleus is such that 
several levels should be excited at each ener- 
‘gy, the variations of the excitation curves 
‘for the total cross sections and of the shape 
of the angular distributions with energy may 
ibe due to the fluctuations in the number or 
properties of the compound nucleus levels 
and to the interference between the compo- 
und nucleus and direct interaction processes. 
~The smoothing-outs of the excitation curves 
for the total cross sections and of the variation 
jof the shape of the angular distributions with 
increasing energy could be the effects of de- 
creasing level spacing in the compound nu- 
cleus and of increasing contribution from the 
‘direct interaction process which is seen from 
the shape of the angular distributions. 
_ Recently we have studied the angular dis- 
tributions for the reactions Co**(p, aw)Fe** and 
~Mn*°(p, w)Cr*? © resulting in the ground and 
first excited states at 7.7~14.1 and 7.6~12.9 
Mev respectively. It has been found that the 
direct interaction processes are predominant 
at the proton energies above about 11 Mey. 
This behaviour seems to be similar to that 
of the present result. 

Since misdetermination of the solid angle 
in the previous work was found, absolute 
values of the cross sections in the previous 
(p, @) experiments on Al, Cr? and F” should 
-be multiplied by a factor of 1.39. Corrected 
values of the cross sections for the previous 
Al(p, a) data» are in agreement with the 
present values. 

In conclusion, the variations of the excita- 
tion curves for the total cross sections and 
of the shape of the angular distributions with 
energy in the lower energy region may be 
due to the fluctuations in the number or pro- 
perties of the compound nucleus levels and 
to the interference between the compound nu- 
cleus and direct interaction processes. The 
smoothing-outs of the excitation curves for 
the total cross sections and of the variation 
of the shape of the angular distributions in 
the higher energy region seem to be due to 
the effects of decreasing level spacing in the 
compound nucleus and of increasing contri- 
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bution from the direct interference between 
the interaction process. However, in the 
entire energy region, the compound nucleus 
and direct interaction processes, and some 
contribution from the heavy particle stripping 
process cannot be neglected. 
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Angular Distributions of the Reactions Co™(p, a)Fe” at 
7.7~14.1 Mev and Mn*(p, a)Cr” at 7.6~12.9 Mev™ 


By Hiroshi OGATA and Hidehiko ITOH 
Department of Nuclear Science, Faculty of Science, Kyoto University 
Yoshiko MasupA, Kunio TAKAMATSU, MAUMI KAWASHIMA, 
Akira MASAIKE and Isao KUMABE 
Department of Physics, Faculty of Science, Kyoto University 
' (Received June 13, 1960) 


The angular distributions of the reactions Co5%p, a)Fe5* and Mn‘ (p, 
a)Cr82 resulting in the ground and first excited states of the residual nuclei 
have been measured at 7.7, 8.7, 9.8, 10.85, 11.9, 13.1 and 14.1 Mev and 
at 7.65, 8.85, 9.65, 10.7, 11.8 and 12.9 Mev of the incident proton energy, 
respectively, making use of proportional counters. 

Similar behaviour was obtained for these four reactions. For the re- 
action Cop, a)Fe®* the forward peak in the angular distribution is 
prominent at 14.1 and 13.1 Mev and disappears gradually with decreasing 
proton energy, and the angular distribution is approximately 90° sym- 
metrical below about 11 Mev. For the reaction Mn‘5(p, a)Cr®2 the angular 
distribution is considerably forward peaked at 12.9 and 11.8 Mev and it 
approximately 90° symmetrical below about 10 Mev. It was found that 
the total cross section integrated from the angular distributions for both 
reactions decrease smoothly with increasing proton energy. 

It is considered that the reactions Co5%(p, a)Fe5é and Mn55(p, a)Cr®2 
resulting in the ground and first excited states of the residual nuclei 
occur through the similar reaction process, that is, in the lower energy 
region the compound nucleus process plays a predominant role, although 
some contribution from the direct interaction process cannot be neglected, 
and the contribution from the direct interaction process becomes gradually 


significant with increasing proton energy and is predominant above about 
11 Mev. 


§1. Introduction 


The studies of the (p, a) reactions for 
various elements play an important role in 


Mev. The sharp energy dependence of the 
angular distributions shows that these reac- 
tions occur through the complicated processes. 


the investigation of the nuclear reaction me- 
chanism. A number of studies of the (fp, a) 
reactions have been reported, but most of 
them have been carried out for light elements. 
For light elements, such as C!? or F!°,2).%) the 
reactions resulting in lower states of the 
residual nuclei appear to favour description 
by the simple direct interaction theories. 
Recently we have studied the angular distri- 
butions for the reactions Al?"(p, ~a)Mg*! * 
resulting in the ground and first excited states 
of Mg** at 37 energies between 10.5 and 14.5 


* This experiment was performed using a 160 
cm variable energy cyclotron at the Institute for 
Nuclear Study, University of Tokyo. 

Numerical data obtained in this experiment will 
be published in Memoirs of the College of Science, 
University of Kyoto. 


For medium and heavy elements, Brady* 
has measured the angular distribution for the 
reaction Rh'%(p, w)Ru' resulting in the 
ground state. The strong forward peaking 
of the angular distribution suggests that the 
alpha particles are produced by direct inter- 
actions. Investigations of the (p, a) reactions 
in targets of wide range of atomic number 
have been performed by Fulmer and Cohen® 
at 23 Mev and by Fulmer and Goodman’ at 
the proton energies between 9.5 and 23 Mev. 
It has been reported that the alpha particles 
from the heaviest elements and the high 
energy parts of the spectra from lighter 
targets are strongly forward peaked and are 
produced by direct interactions, and an alpha 
particle model may be important for the 
nuclei for which the compound nuclei are 
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jintegral number of alpha particles. 

| In a previous paper,®) we have reported the 
jangular distributions of two alpha particle 
igroups from the reaction Cr®?(p, a)V*°, one 
of which corresponds to the alpha particles 
iresulting in the first three levels and the 
lother corresponds to the levels up to about 1 
; Mev excitation except the first three leveis. 
It has been found that the reactions Cr**(p, 
/@)V*® occur mostly through the compound 
}nucleus formation at lower incident energies 
below 11 Mev and then the contribution from 
‘the direct interactions becomes significant 
| gradually with increasing energy. 

For medium weight nuclei studies of the 
( p, @) reactions to a single level of the re- 
sidual nucleus have not been reported, but 
they give probably more reliable information 
concerning the reaction mechanism. There- 
fore the present work was undertaken to 
investigate the angular distributions of the 
reactions Co**(p, a)Fe* resulting in the ground 
and first excited states of Fe®® at 7.7~14.1 
Mev and of the reactions Mn**(p, @)Cr°? 
resulting in the ground and first excited 
states of Cr®? at 7.6~12.9 Mev, as a part of 
our extensive investigations on the (f, a) 
reaction. 


$2. Experimental Procedure 


The experiment was performed with the 
proton beam from a 160cm variable energy 
_cyclotron at the Institute for Nuclear Study, 
University of Tokyo. The general experi- 
mental method has been described in the pre- 
ceding paper.’ 

For the reaction Co*(p, aw)Fe®®, the target 
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Fig. 1. Typical pulse height distribution of the 
alpha particles from the reactions Cop, a)Fes6 
resulting in the ground and first excited states 


of Fes at a laboratory angle of 90° for 11.9 
Mey protons. 
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was a self-supporting cobalt foil of 0.62 
mg/cm? in thickness which was obtained by 
an electroplating method. For the reaction 
Mn**(p, a)Cr®?, manganese metal evaporated 
onto a mylar film (0.8 mg/cm? thick) was used 
and the thickness of the manganese target 
was 0.55 mg/cm?. 
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Fig. 2. Typical pulse height distribution of the 
alpha particles from the reactions Mn*(p, a)Cr*2 
resulting in the ground and first excited states 
of Cr52 at a laboratory angle of 70° for 8.85 
Mev protons. 


Figs. 1 and 2 show typical pulse height dis- 
tributions of the alpha particles from the 
reaction Co°(p, w)Fe®® at a laboratory angle 
of 90° for 11.9Mev protons and from the 
reaction Mn**(p, @)Cr*? at a laboratory angle 
of 70° for 8.85Mev protons, respectively. 
Two peaks in Fig. 1 correspond to the reac- 
tions Co**(p, ao)Fe** resulting in the ground 
state of Fe®® (Qo=+3.23 Mev’) and the reac- 
tion Co**(p, a:)Fe*** resulting in the first ex- 
cited state of Fe®® (Qi=+2.39 Mev”). The 
energy resolution (full width at half maximum) 
was about 2.5% and complete separation of 
these two peaks was obtained. While, in 
Fig. 2, there appear three peaks of which 
first two correspond to the reactions Mn*°(p, 
a)Cr® resulting in the ground state of Cr°? 
(Qo=+2.58 Mev”) and the reaction Mn**(p, 
a:)Cr°** resulting in the first excited state of 
Cr*? (Qi=+1.13 Mev”: '”). The energy resolu- 
tion was about 3.5% and complete separation 
of these two peaks was obtained. In both 
reactions Co°%(p, @)Fe®* and Mn**(p, a)Cr*? for 
larger angles and at higher proton energies, 
the separation was slightly worse and the 
spectrum analysis was necessary. However, 
the ambiguity accompanied by this analysis 
was rather small. 

Since the results of spectroscopic analysis 
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for Co and Mn metals used as targets scarcely 
showed the existence of impurities, for both 
reactions the background due to impurities is 
expected to have no influence upon the ex- 
perimental results. Furthermore, for the 
reaction Mn**(p, aw)Cr®? the background due 
to carbon and oxygen contained in the mylar 
film does not affect the experimental results 
owing to the large negative Q-values of the 
reactions C!2(p, a@)B® and O'%(p, a)N*. 


§3. Results and Discussion 


Figs. 3 and 4 show the angular distributions 
for the reactions Co*(p, a)Fe®*® and Co°%(p, 
a)Fe**, respectively, at 7.7, 8.7, 9.8, 10.85, 
11.9, 13.1 and 14.1 Mev of the incident proton 
energy. It can be seen from Fig. 3 that the 
forward peak in the angular distribution for 
the reaction Cop, a)Fe®® is prominent at 
14.1 and 13.1 Mev and disappears gradually 
with decreasing proton energy, and the 
angular distribution is approximately 90° sym- 
metrical below about 11 Mev. For the reac- 
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Fig. 3. Angular distributions of the alpha parti- 
cles from the reaction Co5%(p, ao)Fe** at 7.7, 8.7, 
9.8, 10.85, 11.9, 13.1 and 14.1Mev. The error 
bars represent the uncertainties due to counting 
statistics. 
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tion Co**(p, a:)Fe** quite similar behaviour 
can be seen from Fig. 4. 


= 


a)Fe®* at 14.1 and 13.1 Mev seem to occur 'f 
predominantly through the direct interaction | 
processes. It is interesting to compare these } 
angular distributions with the simple theory | 
of the surface direct interaction by triton |) 
pickup or knockon process. According to this 
theory,” the angular distribution for the 


(p, @) reaction is expressed as follows: 
dia ‘ 
=——=Ce 12 
10 [7(Qro)}? , lg 


where j: is the spherical Bessel function of 
order /] and Q is the momentum transfer as 
obtained by following equation; 
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Fig. 4. Angular distributions of the alpha parti- 
cles from the reaction Co%%(p, a1)Fes* at 7.7, 
8.7, 9.8, 10.85, 11.9, 13,1 and 14.1 Mev. The 


error bars represent the uncertainties due to 
counting statistics. 


Mi 
M, ka 
fwhere ky and ke are the center of mass 
omenta in units of # of the incident protons 
yand the emergent alpha particles, respectively, 
(Mi and My are the masses of the target and 
jthe residual nuclei, respectively, and 7 is the 
linteraction radius. The dashed curves 
Figs. 5 and 6 have been calculated from Eq. 
\(1) with the values of /=3 and 7=4.8x10-"8 
icm for the reaction Co**(p, a@)Fe** and with 
7=1 and 7=5.4x10-%cm for the reaction 
'Co®*(p, a:)Fe**, respectively, at 14.1 Mev. 
‘These theoretical curves are considered to 
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Fig. 5. Angular distributions of the alpha parti- 
cles from the reaction Co5(p, a)Fe5é at 13.1 and 
14.1 Mev. The dashed curve shows the theore- 
tical angular distribution at 14.1 Mev. 
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Fig. 6. Angular distributions of the alpha parti- 
cles from the reaction Co®%(p, a)Fe* at 13.1 
and 14.1Mev. The dashed curve shows the 
theoretical angular distribution at 14.1 Mev. 
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fit qualitatively the experimental data, al- 
though the magnitudes of interaction radii 
differ slightly from one another, and seem to 
be rather smaller as compared with those 
used commonly. The approximately 90° sym- 
metrical angular distributions at 9.8, 8.7 and 
7.7 Mev are consistent with the prediction of 
the statistical theory of the compound nucleus. 
The total cross sections integrated from the 
angular distributions, for the reactions Co5*(p, 
a@)Fe** and Co*( p, a:)Fe** are shown in Fig. 
9, and it can be seen that they decrease 
monotonously with increasing proton energy. 

Figs. 7 and 8 show the angular distribu- 
tions of the alpha particles from the reac- 
tions Mn**(p, ao)Cr*? and Mn**(p, a:)Cr**, re- 
spectively, at 7.65, 8.85, 9.65, 10.7, 11.8 and 
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Fig. 7. Angular distributions of the alpha parti- 
cles from the reaction Mn55(p, ao)Cr® at 7.65, 
8.85, 9.65, 10.7, 11.8 and 12.9Mev. The error 
bars represent the uncertainties due to counting 


statistics. 
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12.9Mev. It can be seen from Figs. 7 and 8 
that the angular distributions for both reac- 
tions are considerably forward peaked at 12.9 
and 11.8 Mev, and are approximately 90° sym- 
metrical below about 10Mev. These _be- 
haviours are very similar to those in the case 
of Co’, although the forward peakings in the 
higher energy region are not so conspicuous 
and in general the angular distributions are 
more smooth. It can also be said that the 
direct interaction processes play a main role 
in these reactions above about 11 Mev and 
the compound nucleus process becomes pre- 
dominant with decreasing proton energy. The 
total cross sections for the reactions Mn**(p, 
a@)Cr’2 and Mn**(p, a:)Cr°?* are shown in 
Fig. 9 with those for the reaction Co*(p, 
a)Fe*®. They also decrease monotonously with 
increasing proton energy. 
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Fig. 8. Angular distributions of the alpha parti- 
cles from the reaction Mn*‘(p, a,)Cr52* at 7.65, 
8.85, 9.65, 10.7, 11.8 and 12.9Mev. The error 
bars represent the uncertainties due to counting 
statistics. 


For the reaction Mn*(p, a)Cr*?, the be- 
haviours of the angular distributions, the ab- 
solute values of the total cross sections and 
the energy dependence of the total cross sec- 
tions are quite similar to those for the reac- 
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tion Co%(p, a@)Fe*®. In both reactions the 
mass numbers of the target elements and the 
reaction Q values are similar to each other, 
and the targets are the odd-even nuclei. | 
Therefore, it can be expected that the reac- } 
tions Co®(p, @)Fe®® and Mn**(p, a)Cr*? occur §, 
through the similar reaction process. 
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Fig. 9. Total cross sections integrated from the 
angular distributions for the reactions Co5%p, 
ao)Fes®, Co5%p, a1)Fe5s*, Mn55(p, ao)Cri2 and 
Mn5(p, a1)Cr82* as a function of the proton 
energy. 


The difference between the cross sections 
for the reaction Cr**(p, w)V*°®) and the reac- 
tions Co*(p, w)Fe® and Mn**(p, a)Cri? may — 
be due to following facts for the reaction 
Cr°*(p, aw) V* that Cr®*? is an even-even nucleus, 
the reaction Q value is —2.59Mev and 
some levels of the residual nucleus are con- 
cerned. 

Recently experimental investigations of the 
(p, p’) reactions for medium weight nuclei at 
8~14 Mey have been carried out by Kikuchi 
et al.» and Hu et al. It has been found 
that the angular distributions of inelastically 
scattered protons are prominently forward 
peaked, and these (p, p’) reactions occur 
mostly through the direct interaction processes 
down to 8Mev. The difference between the 
angular distributions for the (p, a) and (), p’) 
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eactions is considered to be due to larger 
‘ontributions from the direct interaction pro- 
cesses relative to the compound nucleus pro- 
sess in the (p, p’) reactions than in the (p, @) 
‘eactions. It must also be noted that the 
absolute cross sections for the (p, p’) reac- 
‘ions are by two orders of magnitude larger 
chan those for the (p, a) reactions. These 
facts may suggest that the reduced widths 
for the (p, a) reactions are quite smaller as 
compared with those for the (p, p’) reactions. 
It is expected that the monotonic decrease 
of the total cross sections with increasing 
energy up to about 11 Mev could be explained 
‘with the statistical theory of the compound 
nucleus, but the slower decrease or flattening 
in the higher energy region could not. Since 
it was shown from the angular distributions 
that the reaction Co**(p, a@)Fe** proceeds pre- 
dominantly through the compound nucleus 
‘process at 8 Mev, a rough calculation of the 
total cross sections from the evaporation 
theory?) was performed and the result was 
normalized to the experimental one at 8 Mev. 
The calculated cross sections are nearly in 
agreement with experimental ones up to 
about 11 Mev, but become smaller in the 
higher energy region and are about one fifth 
at 14Mev. This fact also means that the 
direct process is predominant in the higher 
energy region. This fact is consistent with 
that obtained from the angular distribution. 
In conclusion, it is considered that the re- 
actions Co**(p, w)Fe® and Mn*(p, @)Cr*? re- 
sulting in the ground and first excited states 
of the residual nuclei occur through the simi- 
lar reaction process, that is, in the lower 
energy region the compound nucleus process 
plays a predominant role, although some con- 
tribution from the direct interaction process 
cannot be neglected, and the contribution 
from the direct interaction process becomes 
gradually significant with increasing proton 
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energy and is predominant above about 11 
Mev. 
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A Study of Pulse Height Distribution of Boron— 
Trifluoride Proportional Counters 


By Mikiya YAMANE 
Hitachi Central Research Laboratory, Kokubunji-machi, Tokyo 
(Received May 28, 1960) 
The pulse height distribution of boron trifluoride counter under overall 


irradiation by slow neutron has been treated allowing for the wall effect 
of the counter. Energy spectra, R(e’), is given under assumption of 


a Gaussian resolution function by, 


exp | 


R(e!)= 


2a2 


s {re 1 
2REo 0 VY 2Qno 


where s and E, are the whole range and initial energy of alpha-particle 
respectively, and R is the radius of the counter. 
theoretical and experimental distribution has been discussed for appro- 


priate filling pressures. 


Introduction 


§1. 

Neutron counters filled with boron trifluoride 
gas have been used extensively and studied 
by many investigators since the first experi- 
ment of Korff and Danforth”. The principle 
of the operation of the counter is based on 
the reactions 


BY+n->Li?+a@+2.78 MeV 
or 
BY’ +n->Li*?+a+2.3 MeV 


and thus it is expected that the shape of 
pulse height distribution for an ideal counter 
should show two sharp peaks. However 
several experiments revealed the appreciable 
broadening of the peaks because of (a) fluctua- 
tion of the number of initial ion pairs and (b) 
fluctuation of the gas multiplication. The 
fluctuation of the number of initial ion pairs 
is primarily due to the counter wall effect 
which produces a long tail on the low energy 
side of the peak”. The fluctuation of the gas 
multiplication is mainly due to electron cap- 
ture which is ascribed to unsatisfactory puri- 
fication of the filling gas”. 

The purpose of this paper is to investigate 
the wall effect and to afford a quantitative 
basis to the spectral properties of the counter. 


§2. Calculation 


While the full energy of the slow neutron- 
induced disintegration, when spent in the 
counter gas, gives rise to a full energy pulse, 
the case in which the disintegration fragments 
suffer the wall effect gives lower energy pulses 


~ 2R 202 


Agreement between 


depending on path length of the particle 
through the counter gas. We shall first con- 
sider the distribution of the path length of 
the particles for a counter, of which the en 
effect is much smaller than the wall effect. 
Assumptions employed for calculation are ass 
follows: 
(1) The slow neutron-induced disintegra-: 
tion takes place uniformly throughout the? 
counter. This assumption will be justified! 
for counters of reasonable dimension and of 
reasonable filling pressure, since the mean} 
free path of neutron is much longer than the: 
diameter of the counter. 
(2) The track of the disintegration frag-- 
ments occurs in random direction. This iss 
most probable for fully thermalized neutrons.. 
(3) The Li? fragment has a much smaller; 
range than alpha particle. Thus the wall effectt 
will be mainly due to alpha particles. 
A fraction of alpha-particles whose track 
intercepts the counter wall be expressed by, 


ny =| ‘far (13) 
0 


where /(/) is the distribution function of the: 
path length of alpha-particles and s is the: 
whole range of alpha-particle in the gas. The: 
length of the path of alpha-particle originat-- 
ing at a distance 7 from the axis, moving in. 
direction 6, ¢ and hitting the wall is given) 
by, (Fig. 1) 

[? sin? ¢ cos? 0+271 cos 0+7?+/72 cos? ¢6—R?=0 ‘ 


(2)} 


where @ is an angle between OX and the: 
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rack. 


@ is an angle between OY and the projection of the track on the plane YOZ. 
FR is the radius of the counter. 


Now, from the assumptions (1) and (2), a is also expressed by the following equation: 


Ee eu 4 (x2 Gm 
aoe igs 2erdr |’ do \ sin @dé6 , (3) 
where 
8)=cos"! —r+V Pr cos¢+R? sin? 6—s? sin? d cos?¢ (4) 
: s sin’ ; , 


|\Using eq. (2) and transforming the variable from @ to J, eq. (3) becomes then 


7 rar\" ao’ | oe oR Sino —rlal 
R-Ss 


n= 
Toe 


0 


| 2 s qd] (7/2 doh R ts 2 vr? cos? 6+R? sin? ) eee as} lar 
| mR? \, 2 Jo sin? d Jer. lV 7? cos? ¢4+R? sin? ¢—/? sin? ¢cos? 6 


2 (8 dl (#2( 4R? / phy ) 
= —_ sin? 2¢—R 
xR? \ iD \ ed at Na Sot 


nae 
spit ieee sin? 2¢ S45? cos* df dp (5) 
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Fig. 1. Path length of alpha-particle in the counter. Fig. 2. Distribution of path length of alpha- 
particles in the counter. 


When the range of alpha-particle is smaller than the diameter of the counter, this integral 
is evaluated by expanding into power series and integrating each term: 


yey i a S45 a (6) 
mmc aR ea R® 6144 R° 


By equating the integrands of eqs. (1) and (6) we obtain the distribution of the path length 
through the counter: 


1 3 i? 15 Ve bene C7.) 
IQ=op GAR 6144 Re 


Since the first term is large compared with other terms, this distribution is nearly constant 
from 0 to s. Now, a fraction of alpha-particles which strike the wall of the counter is 


given by, 


S Less oe BS me. (8) 
Mop 64 R®? 6144 R® 


This expression indicates that the degree of the wall effect is approximately the ratio of the 
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range of alpha-particles to the diameter of the counter, the result of which is consistent withj 
Siberrch weet 
2R 64 R? | 
line spectrum of the slow neutron-induced reaction. Calculated distribution of the path length 
is shown in Fig. 2. I 

In the calculation of energy spectra, an account must be taken of the total ionization along; 
the track of alpha-particles. Assuming that the total ionization is proportional to the path) 
length of alpha-particles in the gas, energy loss spectrum will be obtained from eq. (8), 


our anticipation. Thus the remainder, n=1—( sep will be accounted for the? 


st Y -1 
€)=—— ——R(€ 9) 
I= RHO), (9) 


where £> is the initial energy of alpha-particle and k(&) corresponds to all terms except the \ 
first in eq. (7), and is much small compared with s/2R-1/E». 

Finally we return to resolution effect accompanying the multiplication process of the. 
counter. By analogy with the resolution function of the photomultiplier system proposed in } 
the paper by Miller and Snow*’, we assume a Gaussion resolution for the counter: 


adie (Ae tene) 5) 
V 2x0 See | D9 Ne? 


where o is empirically determined from the width of the peak. Thus the expression for the 
energy spectra of a@-particles is 


i Coo: 1 (x a)?) 
ine’ (ones ake &)dé oe BNSa eels 
RE’) \ Wore exp oe L 1 )dE+nz Sass exp | oS 
eee oe a ae : ) Cea d& laa) lis { Ke = Ba") (10) | 
2REy \ V 2x0 earak Qc02 J a 2R/V 2x0 eat l Qot J ae || 


® Copper Cathode 
@ End Disk 

@ Kovear Terminal 
@ Centra! Anode 


Fig. 3. Construction of the counter. 


The first term is an error integral and readily tungsten central wire @ is 0.05mm and the 
evaluated, for instance, from the table of active length is 205mm. ' 
Jahnke and Emde. The counter was evacuated using a mercury 
diffusion pump and outgassing is performed | 
at 300°C, and then filled with boron trifluoride | 
Fig. 3 shows the construction of our experi- gas. 
mental counter. Counter cathode @ is copper Boron trifluoride gas for counter filling was | 
cylinder 12.5mm in radius and 250mm in generated by thermal decomposition of en- | 
length, which at both ends is soldered with riched boron trifluoride-calcium fluoride com- 
copper end discs @) together with open skirt plex. The subsequent purification of the gas 
Kovar glass terminals @. The radius of was performed in similar way as described 


§3. Experimental 


1960) 


by F. Hudswell et al.) The purity of the 
‘gas was examined by mass spectrometer and 
traces of impurities (mainly BFOH) 
detected. 

Measurement was made under overall ir- 
radiation by slow neutron using a 20mc Ra- 
Be source and paraffin moderator. Pulses ob- 
tained were fed via a cable of about 1 meter 
(~70 pF) to A-1 type amplifier having rise 
and fall time constants of 0.34 sec and 3u 
sec respectively. They were then fed to 
Baird Atonic type one channel pulse height 
analyzer. 


§ 4. 
Pulse height distributions for a counter con- 
taining 50cm Hg BF; are shown in dashed 


was 
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Fig. 4. Pulse height distribution of the counter. 
H.T=1900 V. Gas multiplication=9. Pressure 


==50 cmHg of BF;. 
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Fig. 5. Pulse height distribution of the counter. 


H.T=2400 V. Gas multiplication=70. Pressure 
=50cmHg of BF;. 
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lines in Figs. 4-6. Operating voltages are 
1900 V, 2400 V and 3100 V, and the gas mul- 
tiplication at those voltages are 9, 70 and 1000 
respectively. It is seen that at lower operat- 
ing voltage the two peaks arising from transi- 
tions to excited state and ground state of Li’ 
are completely resolved as shown in Fig. 4, 
whereas at higher operating voltage 2.8 MeV 
peak is masked by 2.3 MeV peak. 


x10" 
4 
------ Experimental 

o3 Calculated 
€ 

Le} 
a 
® 
SS 

2 

= 

3 

(S) 


0.84 Mev 
Pulse Height 
Fig. 6. Pulse height distribution of the counter. 
H.T=3100 V. Gas multiplication=1000. Pres- 
sure=50 cmHg of BF3;. 
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Fig. 7. Pulse height distribution of the counter. 


H.T=2200 V. Gas multiplication=9. Pressure 
—60 cmHg of BF3. 


The widths of 2.3MeV peak at l/e maxi- 
mum are 0.34MeV, 0.49 MeV and 0.92 MeV 
and thus the values constant o of Gaussian 
resolution function are 0.12 MeV, 0.174 MeV 
and 0.326 MeV respectively. 

The increase in width of the peak with 
operating voltage will be due to the fluctua- 
tion of gas multiplication. 

The marked tail on the low energy side of 
the peak is apparently due to the wall effect 
of the counter. Since the whole range of 
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alpha-particle with energy 2.3MeVx7/11, in 
50cm Hg BF; is about 12 mm, calculated wall 
effect (s/2R) in our 25mm diameter counter 
is about 48%. Substituting the values of o 
and s/2R in eq. (10), the energy spectra of 
alpha-particles are readily obtained. With ad- 
dition of energy of Li’ fragments, 2.3 MeV x 
4/11, the general shapes of the calculated 
spectra are shown in full lines in Figs. 4-6. 

The slight discrepancy between the theoreti- 
cal and experimental curves, in which the 
tail of the experimental curves extends much 
further to low energy region, will be attri- 
buted to the wall effect of Li? fragments of 
which no account is taken in theoretical treat- 
ment because of much shorter length of the 
track. 

Measurements for counters of different fill- 
ing pressure was also made in order to make 
clear the effect of the range of the particles. 
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Fig. 8. Pulse height distribution of the counter. 


H.T=2500 V. Gas multiplication=9. 
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The results are shown in Figs. 7 and 8 for) 
counters containing 60cm Hg and 70cm Hg). 
BF;. The gas multiplication is about 9 and. 
operating voltages are 2200 V and 2500 V res- | 
pectively. It is seen that the wall effect of | 
of Li? fragments observed at the lower end | 
of the distribution, and of alpha-particles H 
measured as intensity at the tail of the dis: 
tribution reduces with increased filling pres- | 
sure. The ratio of the area of low energy 
tail to total area of the spectra and the values. 
of theoretically calculated wall effect are sum 
marized in Table I. 


Table I. Wall effect of the counters. 


Filling Calculated | 


pressure | a PARE | (s/2R) | Experimental 
s0emHg | 1900V 48% 57% 
60cmHg | 2200V = 40% 45% 
70cmHg 2500 V 34% 40% 
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Mixing Ratio of the 440-keV Gamma Radiation in “Na 
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The angular distribution and the direction-polarization of the 440-keV 
gamma rays in *Na(p, p’7)23Na reaction have been measured at the 


1.29-MeV resonance. 


For these measurements the following results were 


observed; for the angular distribution, W(e)=i—(0.09140.004)P, (cosé) 
and for the polarization parameter, p= +0.69+0.02. From the observed 
results, the mixing ratio of the 440-keV gamma radiation was obtained 
as (E2/M1)!/2=+0.045+0.015. This value agrees with the prediction from 


the collective model. 


§1. Introduction 


The properties of low lying states of the 
nuclide **Na have been investigated by many 
workers'~*), The ground and the first excited 
states are known to have spins 3/2 and 5/2, 
respectively, and both even parities. In addi- 
tion, the spins and the excitation energies for 
low lying states agree with the predictions 
from the collective model*). It is of interest, 
therefore, to investigate the pattern of the 
gamma radiation from the excited state. The 
angular distribution and the direction-polariza- 
tion correlation of the 440-keV gamma radiation 
from the first excited state in **Na(p, p’ 7)*Na 
reaction were measured at the 1.29-MeV re- 
sonance. The angular distribution of the 
440-keV gamma radiation was fitted to the 
form W(@#)=1+A2P:2(cos@). Moreover the 
direction-polarization correlation was mesured 
by a polarimeter using the Compton effect, 
and this kind of the measurement was pointed 
out by Metzger and Deutch®, and Fagg and 
Hanna”. The polarization was measured for 
the gamma rays emitted to the direction 
6=90°. The mixing ratio, 6=(E2/M1)'”, of 
the 440-keV gamma radiation has been ob- 
tained from the coefficient of the angular 
distribution, Az, and the polarization para- 
meter, p. 


§2. Experimental procedure 


The Osaka University static generator pro- 
vided protons for this experiment. The energy 
of the protons was analyzed by a magnet 
controlled by the proton resonance. A sodium 
target was prepared by evaporation of NaCl 
on a 0.1mm copper backing. Its thickness was 
estimated at a few keV at the 1.29-MeV from 


the excitation function. A resonance in the 
22Na(p, p’r)"Na reaction is found at E,y,= 
1.29-MeV and this resonance state have spin 
1 and odd parity*. The bombarding energy 
of protons was set at this resonance peak. 

The gamma ray detector used was a 1.5’°¢ x 
1.5’° Nal(Tl) scintillation spectrometer. For 
the observation of the angular distribution of 
the 440-keV gamma rays, a single channel 
pulse height analyzer was employed, which 
was set to count the full-peak portion of the 
440-keV gamma rays in the pulse height spec- 
trum shown in Fig. 1. 

In the case of the measurement of angular 
distribution, the gamma detector having a slit 
of 25mm¢ was mounted at 25cm from the 
target, and on a angle-changer centered on 
the target. 


30 
Ep =1.28MeV 
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je) 
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Fig. 1. Pulse height spectrum of gamma rays 
in 23Na(p, p’y)2Na reaction at the 1.29-MeV 
resonance. These data were obtained using 
2.5/6 X2.5!’ Nal(T1) scintillation spectrometer. 
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The’experimental geometry for the direction- 
polapization measurement is shown in Fig. 2 
The polarimeter using the Compton effect was 
a 2’¢x2” plastic scintillator. The gamma 
rays scattered by the polarimeter had been 
detected by a Nal(Tl) scintillation spectro- 
meter, and the coincidence spectrum of the 
gamma rays which coincided with the Compton 


Proton 
Target 


N 
NN Lead 
(0) 5 10 
Jerensranal leer 
CM 


Fig. 2. Plan view of the geometrical arrange- 
ment in direction-polarization measurement. The 
plastic scintillator was used as a polarimeter and 
the gamma rays scattered by the polarimeter 
were detected by Nal scintillation spectrometer, 
which was set at the positions parallel to and 
vertical to the plane of the paper, by means of 
rotation of the detector. 


Plastic 


Fig. 3. Schematic diagram of the circuits used 
in this experiment. 
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recoil electron in the polarimeter were deter- 
mined. The typical coincidence spectrum is 
shown in Fig. 3. A schematic diagram of the 
electronics is shown in Fig. 4. The fast 
coincidence circuit®) had the resolving time, 
26— 0 NOmasees 

The polarimeter is arranged so that 6=90°, 
where @ is the angle between the direction of 
the incident beam and the emitted gamma 
rays. N/,//N. is defined as the ratio of the 
coincidence rate for the position when the 
detector of the Compton scattered photons is 
in the plane defined by the incident proton 
beam and the emitted gamma rays to the 
coincidence rate for the perpendicular position. 


Coincidence 
Spectrum ¢ 


20° 


———> Counting Rate 


ie) 5 10 15 
——— Pulse Height (V) 


Fig. 4. Pulse height spectrum of the scattered 
gamma rays in coincidence with Compton recoil 
electron in the polarimeter. 


The ratio N,,/N. and polarization parameter 
p are related through the following expression: 
Ni/N1i=(6+R)/A+pR), 
where F is the sensitivity of the polarimeter. 
For the case of the ideal geometry, R is 
simply the ratio of two differential cross sec- 
tions for Compton scattering, do=s0/do4-0, 
where ¢ is the angle between the direction 
of polarization of gamma rays and the plane 
defined by the incident and scattered gamma 
rays. The polarimeter used in this experiment 
had a value R=5.9+1.0, which was calculated 
by the Klein-Nishina formula considering the 
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effect of the solid angle. 


$3. Results and Discussion 


The angular distribution of the 440-keV 
gamma rays in the *Na(p, p’y)Na _ reaction 
was measured at the 1.29-MeV resonance. It 
is shown in Fig. 5. The experimental data 
were fitted to the form W(0)=1+ B:cos20 using 
the method of least-squares. In Fig. 5 the 
solid line indicates the least-square fit. The 
result obtained exhibits B.=—0.142-+0.005. 
And this value were rewritten by the coef- 
ficient, As, of the distribution in the Legendre 
polynominal, 7.e. W(@)=1+ A2P2(cos0). Then, 
A:=—0.091+0.004 was obtained. 


w (0) = 1-(0.142+0.005)Co¢e 


Target NaCl 
Ep = 1.28 MeV 
Ey = 440 Kev 


0. 
=907" -—60 =30 


re) 30 60 90 120 

eee (degrees) 
Fig. 5. The angular distribution of the 440-keV 
radiation. The solid curve is least-square fit 


of the distribution to the form W(¢)=1+ B2 cos?e. 


Next, at the same resonance N///N1=1.30 
+0.04 was determined for the polarization 
measurement. The polarization parameter, p, 
was obtained as P=0.690.02 from the above 
result. 

The coefficient of the distribution and the 
polarization parameter of the gamma radiation 
for Na(p, p’y)2Na reaction depend on the 
mixing ratio of the multipole order for gamma 
rays, and on the angular momentum and the 
channel spin for incident protons. These 
values, A2 and ~, have been expressed in a 
convenient form by Biedenharn and Rose® and 
Sharp et al’. 


Table I. The values of (E2/M1)!/. 


Paul and Montague!®) 0.02 


Rasmussen et al.1°) +0.057 


Present experiment +0.045+0.015 
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The assignments of the ground and the first 
excited states of **Na and the resonance state 
of **Na(p, p’ r)®Na reaction at the 1.29-MeV 
are known to have 3/2+, 5/2+ and 1-, respec- 
tively’. Using these spin assignments, 6 and 
t which agree with the experimental values 
A2 and p were obtained as shown in Fig. 6, 
where 0 and ¢ are (E2/M1)'/? and the ratio of 
the intensities of incident protons entered a 
resonance state with /=3 to with /=1, re- 
spectively. By way of the experimental re- 
sults, the mixing ratio of the 440-keV gamma 
radiation was obtained as d=+0.045-40.015. 


0.05 0.10 0.15 
Az 


Fig. 6. The values of A, and p calculated as 


function of § and ¢. The parameters 6 and ¢ 
are (E2/M1)!/2 for the 440-keV gamma rays and 
(intensity of f-wave) (intensity of p-wave), for 
incident protons respectively. 


It is assumed that the angular momentum of 
inelastically scattered protons has /=1, and 
the channel spin of incident protons has S=2. 
This assumption is reasonable from following 
consideration: (1) Since the inelastically scat- 
tered protons have low energy, the angular 
momentum /=3 would be excluded. (2) If 
the channel spin of incident protons mixed 
S=1 with S=2, ¢ would be more large without 
changes of 0. 

According to the independent particle model, 


Theoretical value 


Experiment of mean life for resonance 
scattering 


=e. Ss z= - 
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the ground and the first excited states of **Na 
are states of abnormal coupling of three like 
particles”, such as (ds/2)? 3/2 and (ds;2)? 5/2, 
respectively. The selection rule given by Mos- 
zkowski!” forbids M1 transition between these 
states. Paul and Montague” studied the low 
lying states of **Na for rotation particle coupl- 
ing, The level energy and the spins agreed 
with the experimental data were obtained. 
Their calculated value of the mixing ratio of 
the 440-keV gamma radiation is given as 
6=0.02. As shown in Table I, this value 
agrees with the present result and the ex- 
perimental result of Rasmussen, Metzger and 
Swann"). It is, therefore, supported that the 
nuclide #?Na has the collective charactor. 
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(d, a) Reactions on Some Light Nuclei 


By Chuin Hu 


Faculty of Science, Osaka University 
(Received May 30, 1960) 


Angular distributions of the emergent alpha particles from the reac- 
tions O'6(d, ao)N4(g’nd.), N'4(d, @)C'2(g’nd.), N'4(d, a1)Ct2*(4.44 Mev state), 
F19(q, a)O'7(g’nd.), F19(d, a,)017*(0.872 Mev state) and P2%1(d, ay)Si29(g’nd) 
were investigated at several bombarding energies in the region from 10.3 
Mev to 11.4Mev. The distributions which cover the angular range be- 
tween approximately 25° and 160° in the center-of-mass system, exhibit 
generally oscillatory and forward peaking behavior. 

The intensity of the transition to the 2.31 Mev (T=1) state of N' was 
measured in the range from 10.5 to 11.4 Mev in the step of 100 keV in- 
terval by aluminum absorber. The alpha particles from the targets were 
detected by a thin CsI(T1) crystal scintillation spectrometer. 

The experimental results were compared with the theoretical curves 
calculated by simplified direct-interaction model of Butler and the model 
which includes heavy particle stripping process. The attempts to fit some 
data were also made by using an approximate expression derived by 
Newns for double stripping process. 


) §1. Introduction 


A number of investigators pointed out that 
a large majority of particle-nuclear reactions 
at bombarding energies from 10 to 50 MeV, 
which leave the final nucleus at low-lying ex- 
cited levels, are induced by the direct-inter- 
action process, and that the observed angular 
distributions show generally stripping-like pat- 
terns. 

By the development of the theory of deuteron 


_ stripping by Butler? and others”, the analysis 


of the angular distributions in these reactions, 
which leave the residual nucleus in some 
definite quantum state, have provided many 
useful informations on the properties of these 
states in nuclei. The (d, p) or (d,m) reaction 
receives a predominant contribution from a 
direct interaction. There are, however, few 
reasons why only this particular type of re- 
actions should show clearly a direct interaction 
feature compared to other reactions. Accord- 
ing to Butler®), when the direct process plays 
a remarkable role, the predicted shapes of 
the angular distributions of (d, p), (Pp, a), (pb, p’), 
(a, a’), etc. have no sharp distinction to each 
other and are expected to have a similar form. 
The theoretical differential cross sections for 
the direct process exhibit generally oscillatory 
behavior with a rapid decrease in intensity at 
angles larger than that of the primary peak. 

On the other hand, many other theoretical 


treatments were given by several authors* 
assuming individual character involved in each 
special reaction on the standpoint of direct 
interaction. 

In contrast with the reactions of (d, fp), (p, 
p’), etc., little effort was done in the experi- 
mental studies for the angular distribution of 
(d, a) reaction, and also little is yet known 
about the possible reaction mechanism for 
this reaction on light nuclei with the medium 
bombarding energy. Therefore, in addition 
to the investigations which had been reported 
previously®.”.1?).18), the present data on the 
angular distribution of (d, a) reaction on light 
nuclei with about 11 MeV incident energy, 
may be expected to have the possibility to 
give useful informations concerning the re- 
action mechanism, and will offer some facts 
to check the validity of the theory which has 
been derived by Newns® in a similar way as 
deuteron stripping reaction. 

Another important process of nuclear re- 
action which competes with the direct process 
stated above is the compound nuclear process, 
by which many nuclear reactions at low bom- 
barding energies are explained reasonably. 
Of course, it is expected that the contributions 
from the compound nucleus formation can not 
be neglected for our case. The energy de- 
pendence would be observed in the shape of 
angular distribution, if both the continuum 
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and statistical assumption about compound 
nucleus are violated in the compound nucleus 
process. The angular distribution would be 
symmetric about 90° in two limiting cases in 
which the reaction proceeds through single 
compound nucleus level or through a large 
numbers of the compound nucleus levels in- 
volved in the energy width of incident beam™. 
In order to observe the contribution of the 
compound process, this work was investigated 
at several bombarding deuteron energies in 
the region from 10.3 to 11.4 MeV. 

In the O'8(d, a:)N'*** (2.31 MeV state) reac- 
tion, minor breakdown of the isotopic spin 
selection rule governing transition to the first 
excited state of the N' nucleus had been 
observed by Dalton, Hinds and Parry® at the 
bombarding energies of 6.8, 7.1, 7.2 and 8.7 
MeV, and by Browne” from 5 MeV up to 7.5 
MeV. The failure of the selection rule in 
this reaction was explained by Browne” on 
the basis of Coulomb force admixing the iso- 
topic spin impurities into the intermediate state 
configurations. Therefore, the appearance of 
the forbidden group suggests the existence of 
T=1 level in the compound nucleus F!*, and 
the compound process plays considerable roles 
in the nuclear reactions. Isotopic spin con- 
servation fails at low bombarding energies, 
but such breakdown cannot be expected at 
the bombarding energies where the reaction 
proceed through direct interaction”. It is, 
therefore, interesting to extend the range of 
bombarding energy in order to determine 
whether the forbidden group appears or not. 


§2. Experimental procedures 


The experiments were performed with 11.4 
MeV deuterons from the Osaka University 
44-inch cyclotron. The layout of the cyclotron 
and associated equipments had been shown 
elsewhere®). The beam was collected in a 
Faraday cup which was always held at ground 
potential, and was measured by a vibrating 
reed electrometer. The measurements of. the 
angular distribution were made at angles rang- 
ing from 20° to 130° or 160° in the laboratory 
system with steps of 10° interval. The coun- 
ter angle could be set to +0.1° by means of 
a varnier scale and the angular resolution was 
= oe 

The emergent alpha particles were detected 
by a thin uniform CsI(T]) crystal on a R,C. A, 
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6342 photomultiplier. To resolve the product 
alpha particles from the longer ranged charged 


particles, such as protons and deuterons, which | 


o'8d.a) N'4 
(1.4 Mev 
45° 


Counting Rate 


20 30 
Pulse Height in Volts ~ 


Fig. 1. Pulse-height spectrum of alpha-particles 
emitted at @jan.=45° from a mylar target bom- 
barded with 11.4 MeV deuterons. An aluminum 
absorber (3 mg/cm?) was inserted in front of a 
counter. 


n'4(a.¢) c” 
Eg = 11.4 Mev 
60°? 


Rate 


Counting 


15 20 25 30 
Pulse Height in Volts 
Fig. 2. Pulse-height spectrum of alpha-particles 
emitted at @1a»n.=60° from a melamin target 
bombarded with 11.4 MeV deuterons, 


1960) 


were produced by the reactions (d, p), (d, d) 
and (d, d’), the thickness of the CsI(TI) crystal 
‘was chosen so thin as to be nearly equal to 
the range of the highest energy alpha-particle 
group from (d, a) reaction with 11.4 MeV in- 
cident energy at 90° in the laboratory system. 
At the forward angles smaller than 90°, alu- 
minum absorbers were inserted in front of 
‘the scintillator until the pulse height of the 
highest energy alpha-particle group reached 
a maximum at each angular position. Actually 
CsI(T1) crystals of 50 or 40 mg/cm? and 17 mm 
x20mm were used in the O!* experiments, 
but these were replaced by the crystals of 
80 or 90 mg/cm? in other runs. The output 
pulses were amplified, shaped, and then ana- 
lysed by a multichannel pulse height analyser. 
‘In the case of earlier measurements for O'* 
(d, a)N'*(g’nd.) and O'%(d, ai)N'** (2.31 MeV 
state), a commercial 20-channel pulse height 
-analyser was used, and in another experiments 
this was replaced by a 30-channel pulse height 
| analyser, which had been constructed in our 
laboratory. 
In order to identify the levels in the (, a) 
reaction, the author used the range-energy 


F'%d,a) 0!” 
Ed =11.4 Mev 


30° 


ao Gab 


Counting Rate 


\7 22 27 32 
Pulse Height in Volts 


Fig. 3. Pulse-height distribution of alpha-particles 
at @ap.=30° from a teflon target bombarded 


with 11.4 MeV deuterons. 
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relation for protons in aluminum” and the 
fact that the CsI(Tl) crystal responds linearly 
to the a@ particle energy loss in crystal!®. 
Using alpha particles from the reaction O'% 
(d, a)N** and O'(d, a2)N'**(2nd.), a measure- 


P3!(d a) Si29 
Ed=11.4 Mev 
‘e) 


Lab. 130° 


Rate 


Counting 


Pulse Height in Volts 


Fig. 4. Pulse-height distribution of alpha-particles 
at @lap.=130° from a phosphor target bombarded 
with 11.5 MeV deuterons. 


0! doa) n'* 
Ed =11.4 Mev 
n= 45° 


Ed = 11.3 Mev 
GQ ap= 45° 


Counting Rate 


42 5 26 
Pulse Height in Volts 


Fig. 5. Pulse-height spectrum of alpha-particles 
from a mylar target with 11.4MeV and 11.3 
MeV deuterons. An aluminum absorber (5 
mg/cm?) was inserted in front of a counter. 
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ment was carried out on the CsI(Tl) crystal, 
which were used in this work, to obtain the 
pulse height ratio as a function of the energy 
of the emergent alpha particles. Then the 
comparison was performed between the out- 
put voltage from a linear amplifier and the 
results calculated kinematically. 

A mylar film (0.8 mg/cm?), was used in the 
measurements of O'*(d, a)N'4 reaction, and 
a teflon film (0.9mg/cm*) was used in the 
F'9(d, a)O"" reaction. These targets are es- 
sentially Cs;H.O2 and CF. respectively. The 
alpha-particle group under investigation was 
not contaminated with alpha particles of the 
same energy from reactions on other con- 
stituents. These substances were not so strong 
under deuteron bombardment that the calib- 
rations were employed frequently for each run. 
The targets for the N'4(d, a@)C” and P*1(d, a)Si*® 
reactions, were prepared as follows; A mela- 
min film (CsHeNe, 2.2 mg/cm?) was painted 
uniformly on the myler film (0.8 mg/cm?), and 
commercial red phosphor powder (0.3 mg/cm?) 
was molded uniformly in a thin polystylene 
film (1.0mg/cm?). These targets were sup- 
ported by a 3cmx3cm frame, and were 
placed in the center of a cylindrical scattering 
chamber at 45° to the incident beam. 


0% d.a) N4 


Ed = 11.4 Mev 
Qo 


Counting Rate 


Fig. 6. Pulse-height spectrum of alpha-particles 
resulting from the bombardment of a mylar 
target at several angles without an aluminum 
absorber at 11.4 MeV deuterons. 


§3. Result 


In Figs. 1 to 6 are shown the typical CsI(T1) 
scintillation counter spectra obtained by the 
targets mentioned above, and the expected 
positions of peaks corresponding to the discrete 
states in the residual nuclei. 

The alpha-particle group from F°(d, a)O"” 
(g’nd.) and that from F!°(d, a:)O'*(1st.) were 
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not well resolved. In the results of P*4(d, a@)Si® 
experiments, the groups leading to the excited 
states could not be resloved adequately, except 


fee o'8(d,a)N'* 
mM / steyad 


8 O = |1.4 Mev 
@® = 11.2 Mev 
O = 11.0 Mev 
@ = 10.7 Mev 
@ = 10.5 Mev 


19) 30 60 90 
Oc.m. 


120 150 180 


Fig. 7. Differential cross sections for the O16(d, | 
ao)N'4 (g’nd. state) reaction with several bom- © 
barding energies. 
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Fig. 8. Differential cross sections for the N'4(d, 
ao)C2 (ground state) reaction. The dotted curve 


was calculated for pick up process with r;=4.3 
Spica Lune bole). 


* the group corresponding to the transition 


the ground state of Si®. 

The observed angular distributions for (d, a) 
msitions induced by the deuterons of about 
MeV, which correspond to the ground and 
> first excited states of the residual nuclei 
2 shown in Figs. 7 to 12. 

The indicated relative errors of differential 
dss sections were due to the counting sta- 
tics, uncertainty in separation of alpha- 
rticle groups, and the background substrac- 
m, and the overall errors did not exceed 
10%. The estimated errors in the absolute 
fferential cross sections are as follows: oxy- 
m target +70%, nitrogen target +80%, 
torin target +50% and phosphor target 
70%. é 

To assert the existence of the yield leading 
the first excited state (T=1) in N‘, almi- 
am absorbers (3 mg/cm’ and 5 mg/cm’) were 
serted respectively in front of the CsI(TI) 
‘ystal, and the measured spectra are shown 
_Figs. 1 and 5. The spectra without almi- 
ym absorber are shown in Fig. 6. In all 
ises, the forbidden group appeared, and the 
eld for this state was much less than the 


N'4(d,a) C!?* Ist) 
Ri=5.4f Re=4.85f 

iF Li=0 Lz=0 
Pick up 


(e} 30 60 90 120 150 180 


OcNn. 


tig. 9. Differential cross sections for the N‘4(d, 
a )C12 (4.44 MeV state) reaction. The dotted 
curve was calculated for pick up process with 
r1=5.4f., l.=0 while the solid curves included 
heavy particle stripping process with 7,;=4.85/., 
i=—0, i a oP and =O: 
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Fig. 10. Differential cross sections for the F19%(d, 
a )O17 (ground state) reaction. The dotted curve 
was calculated for pick up process with r;=5.2 
f., 4=2, which the solid curve included heavy 
particle stripping process with 7;=5.2/., l1,=2, 
r2=4.55f., and l,=1. 


F'9(d a )O'*(Ist) 
Li=2 

Ri=6.1f 

KNOCK OUT 


O= 11.4 Mev 
@=1!!. 1 Mev 


6) 30 60 30 120 150 160 
@C.M 
Fig. 11. Differential cross sections for the F'°d, 
a1)O17 (0.872 MeV state). The dotted curve was 
calculated for knock out process with 7,=6.1/., 
and 1,;=2. 
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yield for the ground state. The ratio of in- 
tensity of transition to 2.31 MeV to ground 
state is 10+5% at 45° in the laboratory system 
at 11.4MeV bombarding energy. 


P*(d,a) Si*%(g'nd) 

Ri= 5.25f 

Li=0O 
Pick up 


R2=6.24f 
L2=2 


Oo=11.4 Mev 
@=!1.1 Mev 


ie) 30 60 90 120 150 180 
Ac.M. 

Fig. 12. Differential cross sections for the P%(d, 
a)Si28 (ground state). The dotted curve was 
calculated for pick up process with 7;=5.25f., 
4:=0, while the solid curve included heavy- 
particle stripping process with 7;=5.25/., 1,=0, 
Mr Os24 7 ean [52 


$4. Discussion 


The angular distributions investigated in 
this work show strong forward peaking and 
oscillatory behavior. Some of them have 
another peak in the backward direction. In 
addition to these facts, the large energy de- 
pendency of the angular distribution was not 
observed except for the O1%(d, w)N" reaction. 
Accordingly, it is reasonable to assume that 
the direct interaction process is playing an 
important role. 

The fits to these angular distributions were 
made with the theoretical differential cross 
sections derived by Butler®) for direct inter- 
action, in the same way as, for example, a 
(d, p) reaction. The theoretical curves calcu- 
lated with the formula derived by Butler, in 
which the alpha-particle was treated as a single 
particle, showed good agreement with experi- 
mental results. The effect of internal struc- 
ture of alpha-particle was not considered in 
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the calculation. In our treatment, the deuteron) 
and alpha-particle were also considered ag 
single particles even around the nucleus. Tha 
used expression for the theoretical differentia; 
cross section was, 


ore |F,(K1) W{ju(Qir), hir(itar) trary? ( 1 


where F,(K:) is a form factor. Q: and «1 ary 
related to the appropriate momentum transfer 
vector defined below and binding energy. “if 
is the interaction radius, and /; is the change 
of’angular momentum. The allowed /:-valueg 
are found by the selection rule. 


L=h+h+8 (2, 


Here J; is the spin of the target nucleus, #4 
is the spin of the final state and S is the re 
sultant spin of the incident and emergingi, 
particles. /: must be odd as the parity is] 
changed. 

For a given (d,q@) reaction, the both pro} 
cesses of “Knock out” and “ Pick up” wereq 
considered, and these processes are character 
ized respectively as follow; “ Knock out” 


Qa: — wakes Ms Ka | 


LS <M Ew)" a (2MaEay)*/*} 


“Pick Up) = 
Q, = Ke Ke 


ae <-2MaEx) 1/2 


where Mi, My, Ma and Ma are the masses of 
the initial nucleus, final nucleus, deuteron and! 
alpha-particle. €&ai:, Ea: and €ay are the bindings 
energies, respectively, of alpha-particle in the» 
initial nucleus, a deuteron in the initial nucleus, , 
and a deuteron in final nucleus corresponding; 
to the ground or the first excited state. 

To get better agreement with the large: 
cross sections at backward angles in the ex- 
perimental results, the interaction which have: 
been neglected in the theory mentioned above, 
must be considered. Therefore, the heavy 
particle stripping interaction! was added to. 
the so-called ordinary direct interaction pro- 
cess. These two processes are coherent to. 
each other, so that interference occurs between 
them. The differential cross section including 
heavy particle stripping is 


360) 


do ; 
ge | Fi) Wiju(Qir), hu(tesr)}r=r, 


+A-F2(Ka)ji2(Qere)|? (5) 
ere A is an adjustable constant and the sub- 
sript 1 and 2 refer to knock out (or pick up) 
nd heavy particle stripping respectively. 
Vhen these are evaluated, the theoretical 
ifferential cross section becomes, 


d ' 
ao” [Fi(Ka) Wi 711(Q7), hier) =r, 1? 


+a-Fi( Ki) F2(Ke) Wiju(Qir), his(t%17r) } 
x Ji2(Q272) cos B 

+6. | F2(Ke)J12(Qere) |? ( 6 ) 
vhere cos arises from the transformation 
rom the heavy particle stripping axis of 
uantization Ke to the knock out (or pick up) 
‘xis Ki, and B is the angle between Ki and 
(:, and “a” and “6” are adjustable constants. 


The parameters used in the differential 
‘ross section for heavy particle stripping are 


i 


One KG i EK: 
M; 
5 (7) 
K, =Ka+ ue" 


ind the form factor is calculated by the fol- 
Owing equation. 


FilK>) =|" bid Kander . (8) 


tere ~(7) is the internal wave function of 
he alpha-particle in the initial nucleus, and 
‘is the orbital angular momentum of alpha- 
article in the initial nucleus relative to the 
core. In this case alpha-particle was treated 
is single particle. In almost all cases, the 
simplified :(r) was used in the calculation 
or convenience, so that F2(Ke) varies so slowly 
yver the angles that it has little effect on 
he final results. 

The dotted curves calculated by Eq. (1) for 
1 reactions studied in this work with “ Knock 
uit” or “Pick up” for all allowed angular 
nomentum transfers and for several values 
f the interaction radii are shown in Figs. 8 
013. Some of them were lifted by adding 
n isotropic contribution to the theoretical 
ross section. A chief fraction of this additional 
ross section probably is due to the compound 
uclear process and the rest may be caused by 
he interference between various direct inter- 
ctions or between direct interaction and com- 
ound nuclear process. 
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On the whole, a good agreement was ob- 
tained between theoretical curves and the ex- 
perimental results for positions of maxima 
and minima, except for their height, and the 
marked disagreement between them appeared 
in the shapes over the backward angles. 


Table I. Comparison of the positions of maxima 
and minima of experimental differential cross 
sections from (d,@) reactions with the predic- 
tions of Eq. (1) 

| Maxi Re ae Alpha-particle angle in the 


The final we center of mass system _ 
state Minimum ; 
Experiment _ Theory 
C2(g’nd.) Min. ~ 40° Sy 
Max. ~ 60° 60° 
Min. ~100° 90° 
C2(1st.) Min. BoM 28° 
Max. 45° 45° 
Min. ie 70° 
N14(g’nd.) Max. 65° 65x 
Min. 90° 90° 
Max. ~120° 120° 
O!7(g’nd.) Min. ON 24° 
Max. 43° 44° 
Min. 65° 65° 
Max. 90° 88° 
Min. 102° 105° 
O17(1st.) Min. ~ 67° 70° 
Max. of 90° 
Min. ~120° 120° 
Si?9(g’nd.) Min. 30° 30° 
Max. 50° 50° 
Min. Take (om 
Max. 84° 95° 
In Table I are summarized the locations of 


maxima and minima of the experimental re- 
sults and the predictions of a simplified calcu- 
lation based on the Eq. (1). The solid curves 
in Figs. 8 to 13 were calculated by Eq. (6). 
It is recognized that these curves are in better 
agreement with the data over the entire range 
of angles studied with reasonable radii and 
/-values than those predicted by Eq. (1). How- 
ever, the theoretical curves for heavy particle 
stripping can be reproduced with slight vari- 
ation in the interaction radius for the other 
values of the change in angular momentum. 
This is caused by the fact that the minimum 
value of Qs is relatively large. Accordingly, 
it is impossible to distinguish between various 
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l2-values for heavy particle,stripping, though, 
the use of this interaction improves the fit to 
the data. 

In addition to these attempts, we tried to 
make fit the data to the formula derived by 
Newns’’ for double stripping (or double pick up) 


process. An approximate expression derived 
on this assumption is. 

do IGE ; 

Gree exp( 35) -1ADiinterdl? (9) 


where the exponential term depends upon the 
internal motion of incident particle and cor- 
responds to the form factor introduced in 
deuteron stripping. A(L) is a constant and 
can be determined by fitting the theoretical 
curve to the experimental results, and 70 is 
interaction radius. JL is the total orbital an- 
gular momentum transfer in final nucleus by 
nucleons and is defined as follow. 


L=lyp+h (10) 
Here /, and 7, are orbital angular momenta 
of proton and neutron which are captured by 
target nucleus. Between the spin of initial 
state J; and that of final state J;, the selection 
rule is required 


I) Kl -1Slp th Sh 4+ > 


and there is a parity change only when L is 
odd. The momentum transfer vectors K and 
k are, 


(11) 


1 


K=~)-Ka— Ka 

M (12) 
k=Ko— )K 

ise : 


The results obtained by Eq. (9) are shown 
in Figs. 14 and 15. Though more detailed 
discussion is given in latter section, it may be 
noted that the curves calculated by Eq. (9) 
illustrate better agreement than that obtained 
by Eq. (1) for this reaction. In the following 
we shall make further detailed discussions on 
individual targets. 


4.1 Od, a)N“*(g’nd.) 

The result of angular distribution for the 
transition to the ground state N'* was given 
by Freemantle’) et al., at deuteron bombard- 
ing energy of 19 MeV, which was nearly sym- 
metric about 90°. Fischer and Fischer) 
showed that the angular distribution observed 
by Freemantle could be fitted with a curve 
derived from Eq. (1) with 1=4.2f. and 1,=0. 
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Recently, Browne’) measured the angular dis 
tribution and excitation function of the alpha) 
particle group leading to the ground state C\ 
N** with bombarding energy up to 7.5 Met 
The observed angular distribution at 7.03 Me™ 
was not symmetric about 90°, and the excita 
tion function for the group leading to grouny 
state varied rapidly with bombarding energy; 


i 


0'& d,a) N'*(g’nd) 
Ed=11.4 Mev 
R:=5.2f R2=3.92f 
Li=2 L2=0 


KNOCK OUT 


re) 30 60 20 120 50 
8 cm. 


Fig. 13. Differential cross section substracted the¢ 
isotropic part from the observed data of thed 
O18(d, ao)N'4 (g’nd.) reaction. The dotted curve? 
was calculated for knock out process with ™=- 
5.2f., and 1;=2. The solid curve included heavy/ 
particle stripping process with 7;=5.2/f., 1,=2,, 
r2=38.92f., and I,=0. The dashed curve was: 
calculated for double stripping process with 7)=- 
At6y srandiei7—2. 


More recently Dalton et al.’ investigatec 
this reaction at 6.8, 7.1, 7.2 and 8.9 MeV, anc’ 
the observed angular distributions at 6.8 anc! 
8.9 MeV showed a forward peak. Especially) 
the result at 8.9 MeV was essentially similas 
to the distributions obtained in the presen? 
work. Therefore the reaction mechanism 
governing this transition is explained more 
easily on the base of direct-interaction process 
than that of compound nucleus formation) 
The distributions investigated at various bom) 
barding energies between 10.5 and 11.4MeW 
are illustrated in Fig. 7. As shown in Fig. 133 
fairly good agreements were obtained betweer: 


: 
: 


1960) 


distribution curve obtained at 11.4MeV and 
the theoretical curves derived from Eq. (1) 
with /;=2, 7=5.2f., and from Eq. (6) with 
H1=2, 71=5.2f., 12=0, 72=3.92f., if the isotropic 
‘part is subtracted from the experimental curve. 
‘It is recognized that relatively large cross 
sections in back ward angles suggest the ex- 
istence of heavy particle stripping process. 
The yields, however, change too rapidly with 
bombarding energies to be accounted for by 
the heavy particle stripping alone. If one 
ignores the variation of interaction radius de- 
duced from the data and Eq. (6), the main 
feature of these distributions can be repre- 
sented theoretically. Moreover, the curve cal- 
culated from Eq. (9) with L=2, 7.=4.6f., was 
nearly the same in shape. with the curve ob- 
tained by Eq. (1), and the contribution from 
anther L-value, namely, L=0, was negligible 
in the angular distribution at 11.4 MeV. 

On the other hand, it is remarkable that 
the total cross section shown in Fig. 14 ob- 
tained by integrating the angular distribution 
curves shows gradual change with bombarding 


0'® (d.a) N'4(g/nd) 


10.4 Mev 10.9 Mev 


Ed 


Fig. 14. Energy dependence of the total cross 
sections for the O1(d, a)N'* (ground state) re- 
action. 
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energy and reaches a maximum at 10.7 MeV, 
and the shape of the angular distribution at 
10.7 MeV is slightly different from others. 

Accordingly, it is expected that a direct 
process does play a leading role, and the pro- 
cess of compound nucleus formation under- 
takes a subsidiary role. 

TEN ONG IN En 9 a I) 

The investigations relating to the 2.31 MeV 
level of N** by (d,a@) reaction was reported 
in detail in references 6 and 7. On the small 
appearance of these forbidden group, the de- 
tailed explanation was given by Browne” and 
by Lane and Thomas"’- The violation of the 
isotopic spin selection rule was not observed 
clearly at 8.9 MeV deuteron bombarding energy, 
though the yield curve of the 2.31 MeV level 
indicated the excistence of this forbidden group 
up to 7.5 MeV bombarding energies. The ex- 
citations of compound nucleus with the deuteron 
bombarding energies of 8.9 MeV and 7.5 MeV 
are about 15 MeV and 14MeV. In the latter 
case, the situation of compound nucleus are 
expected to exist in the region which is inter- 
mediate of those satisfying criteria (5.2) and 
(5.3) in the paper of Lane and Thomas’. 
The yield of the forbidden group shows re- 
sonance-like anomalies at 6.2, 6.7 and 7.2 
MeV”:®. It is possible to assume that dis- 
appearance of this forbidden group at 8.9 MeV 
is due to the isolated resonances, so that the 
situation of the states excited with the deuter- 
on bombarding energy of 11 MeV is expected 
to be similar to the situation excited with 7.5 
MeV deuteron. Certainly a minor break-down 
in the isotopic spin selection rule was observed 
at 11.4 and 11.3 MeV as illustrated in Figs. 1, 
5 and 6. Moreover, the yield of this forbidden 
group could be observed at 45° in the labora- 
tory system at 11.2, 11.1, 10.7 and 10.6 MeV 
bombarding energies, with the comparable 
order to the intensity at 11.3 MeV. 

4.3 N*#(d, av)C#(g’nd.) and N'4(d, a1)C*?*(1st.) 

Previous study on the N'4(d,a@)C" reaction 
was made by Gibson and Thomas at 8 MeV. 
Fischer and Fischer’? measured the angular 
distributions for this reaction at 21 MeV. 
These results show the forward peaking and 
oscillatory behavior. As illustrated in Figs. 8 
and 9, the angular distributions investigated 
at 11.4, 11.1 and 10.9MeV also show direct 
interaction feature distinctly. 

When one attempts to compare these data 
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with the theoretical curve calculated by Eq. 
(1), it is expected qualitatively that the pick- 
up process would be more probable than 
knock out process for the N'(d, a@)C reaction 
in contrast to the O'*(d, a)N'* reaction. Then 
the fits to the angular distribution are shown 
in Figs. 8 and 9, with reasonable interaction 
radii. 

In the case of transition to ground state, 
considerable energy dependency of the angular 
distribution in the region greater than 90° may 
be due to the similar reason as discussed in 
previous section. 


N'4(d,a@) C'** (1st) 
Ed = 11.4 Mev 

L = 2+4 

Ro= 5.55f 


2 
exp(-giz)(1g+0.6 %) 


Oc.M. 


Fig. 15. Theoretical fit to the differential cross 
section of N14(d, a,)C!2 (4.44 MeV state) using 
Eq. (9) with L=2+4 and ry=5.5/.. 


The distribution corresponding to the first 
excited stated deviates considerably in the 
forward angles from the theoretical ones which 
are obtained from Eqs. (1) and (6) by using 
one allowed /:-value. This marked discrepancy 
may be reduced by summing up for all allowed 
li-values in Eq. (1). In fact, as illustrated in 
Fig. 15, the curve calculated by Eq. (8) with 
ro=5.90f., L=2 and 4, and [A(4)/A(2)]}?=0.6, 
shows a better agreement with the datum at 
forward angles than the curve derived from 
Eq. (1) with 7:=5.4f., 1:=0, for pick up process. 
4.4 Fd, a)O'"(g’nd.) and F1%d, a:)O!"*(1st.) 

Measurements of the angular distributions 
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of the alpha-particle group leading to the || 


ground and low-lying state in O'” were not 


reported before this study. However, remark- 
able theoretical studies were made by several | 


authors!”®).19 on the character of the ground 
and low-lying states. According to their inter- 
pretation, these states are described success: 
fully on the bases of the shell!”.+® and collec- 
tive models”, and F"® is treated as a nucleus 
which has three particles outside the O' core 
closed shells. Therefore, pick up process is 
more preferable than knock out process for 
the F'°d, a@)O' reaction. 


F'(d.a)0'” (g'nd) 
Ed=t!.4 Mev 

L = 244 

Ro= 5.7¢ 


0.6 


0.5 


exp(- ss) 040.4% 1 


0.4 


0.3 


0.2 


0 30 60 90 


8 c.m. 
Fig. 16. Theoretical fit to the differential cross 
section of F19d, ao)O!” (ground state) using Eq. 
(9) with L=2+4 and 7=5.7f.. 


120 150 180 


Among the angular distributions of alpha- 
particle groups leading to the ground and first 
excited states, our data corresponding to the 
transition to ground state in O' exhibit good 
agreement with the curve calculated from 
Eq. ©) with 1=5.2/., 14 =2; n=455f.. i3—=f 1m 
pick up case. A better agreement could be 
obtained with the curve calculated by Eq. (9) 
with =5.5f., L=2 and 4, and [A(4)/A(2)]?= 
0.33 as shown in Fig. 16. 

Since the observed angular distribution of the 
F'°(d, a:)O'"*(1st.) reaction shows that the first 
maximum is smaller than that of the second 
maximum, the curves given by Eqs. (6) and 
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(9) did not show any agreement with the shape 
of the theoretical curve for any reasonable 
choice of parameter. The marked disagree- 
ment in the neighborhood of the secondary 
Maximum may be caused by either the inter- 
ference between the direct and compound 
nuclear process or by the fact that the used 
differential cross sections rest on gross sim- 
plification, so that, the disagreement between 
datum and curve may not be said to be real 
one. 
4.5 Pd, ao)Si*(g’nd.) and P*!(d, a,)Si?**(1st.) 
The ground and low-lying state of P?! and 
Si?® had been adequately characterized on the 
asumption of a strong-coupling collective model 
‘by Broude, Green and Willmott?” and by 
-Bromley®” et al... The ground state of P*! was 
interpreted as a base of K=1/2 (Nilsson orbit 
9)*”) rotational band with negative (oblate) de- 
formation parameter 06=—0.15~—0.3. Here 
aK, the quantum number introduced by Bohr 
-and Mottelson®», is the angular momentum 
along the nuclear symmetry axis. On the 
other hand, in the case of Si?®, the sequence 
of states corresponding to the ground, 2.03 
and 2.43 MeV levels were explained as a ro- 
tational band for K=1/2 (Nilsson orbit 9). 


The state at 1.28 MeV was assigned asa K 


=3/2 (Nilsson orbit 8) rotational spectrum. 
Moreover, it was demonstrated that Si?? has 
also an oblate shape with negative deformation 
parameter d=—0.15. 

_ From these facts, the probability leading to 
the 1.28 MeV state by the (d,a@) reaction is 
expected to be smaller than the probability 
corresponding to the transition to the K=1/2 
rotational states in Si?®. In order to excite 
the 1.28 MeV state via direct-interaction pro- 
cess, the reconstruction must be required not 
only in core but also for the structure of extra- 
particles. 

Adequate separation in the pulse height 
spectrum for the alpha-particle group leading 
to 1.28 MeV state in Si®? could not be obtained 
as illustrated in Fig. 4, but the group corres- 
ponding to 2.03MeV state appeared at all 
observation angles with intensity comparable 
to the ground state yield. 

In Fig. 12 is shown one of the fits of data 
for the P*1(d, av)Si2°(g’nd.) reaction. The the- 
oretical curve given in the figure for pick up 
process corresponds to ™=5.20f., 11=0, r2= 
6.24f. and I2=2. The curve for the knock 
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out process with 7:=5.6f., 11=0, 72=6.24 and 
l2=2 was practically identical with the above 
one. 

Before the discussion is concluded, the author 
wishes to emphasize that the preceding dis- 
cussions on the angular distributions are only 
qualitative, so that further works both experi- 
mental and theoretical, are required in order 
to derive quantitative results. The angular 
distribution for the (d,a@) reaction on light 
nuclei with intermediate bombarding energy, 
may, however, be explained qualitatively on 
the assumption of double pick up process, 
such as the theory derived by Newns. Such 
theory will become one of the powerful tools 
in nuclear spectroscopy in the further investi- 
gation for (d, a) reaction. 


I would like to express my thanks to Pro- 
fessor T. Wakatsuki and Assistant professor 
S. Yamabe for their continued encouragement 
and helpful suggestions, and to Professor Y. 
Oda for his advice during the early part of 
this experiment. For useful discussions and 
cooperations I am indebted much to M. Takeda, 
S. Kato and the member of the cyclotron 
group. The valuable discussions on the theory 
with Dr. M. Sano and T. Kammuri were in- 
dispensable. My thanks are also due to Dr. 
H. C. Newns for communicating the results 
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9.300 stars with more than 5 black prongs were examined to study 8Li, 
‘Li and *B fragments emitted from these stars. Thus, we found 90 ex- 
amples of hammer tracks produced by 8Li or 8B fragments, 11 examples 
of tracks produced by °Li>°Be+e->4He+4He+n+e- and the one by 


9Li>*Be+e-—5He+4He+e-. 


The experimental result of angular distribution, energy distribution, 
and frequency of emission of these fragments are given. Comparison 
is made between the experimental result and the prediction of evaporation 
theory on the frequency of emission of these fragments. The effect of 
the 8B fragments on the estimation of the Coulomb barrier of the residual 
nucleus for 8Li fragment is discussed. 


31. Introduction 


Hammer track was first reported by Oc- 
thialini and Powell” and was established to 
de due to a *Li fragment coming out of a 
quclear disintegration and decaying at rest 
nto two alpha-particles and an electron by 
Franzinetti and Payne” and other. A similar 
2vent which is due to a °Li fragment decay- 
ng at rest into two alpha-particles, a neutron 
and an electron was reported by Fry*® and 
several authors®. Similar event should also 
Xe due to a °B fragment, and this was first 
d0inted out by Alvarez’) and has shown by 
e@ilbert®. 

Many investigations were performed on the 
smission of *Li fragments and its mechanism 
of emission. But relatively few experiments 
aave described at the same time the distinc- 
tion between *B fragment and *Li fragment”. 

The aim of this paper is to investigate the 
relative freqnencies and characteristics of 
these *Li, "Li and *B fragments emitted from 
stars produced by 4.3GeV z~-mesons. 

Investigated decays are: 


(1) 8Li—®Be*+e-—>‘He+‘He+e-, 

(2) *B-*Be*+et—'He+‘He+c, 

(3) %Li-*Be*+e-—*He+*Het+nu-+e-, 
und 

(4) °Li>*Be*+e-—*He+‘He+te-. 


* Now at Dublin Institute for Advanced Studies, 


Dublin, Ireland. 
** Now at Institute of Polytechnics, Osaka City 


Jniversity, Osaka, Japan. 


§2. Experimental Procedure and Results 


A stack of Ilford G5 emulsion pellicles of 
3’ x4”, 600 um thickness 36 sheets have ex- 
posed to the 4.3GeV z~-meson beams from 
Bevatron at Berkeley. After the exposure, 
the emulsions were processed by amidolbi- 
sulphite temperature development method. 
Area scanning was made under 150 magnifi- 
cation of microscope to pick up double stars, 
hyperfragments, hammer tracks and °Li ham- 
mer tracks. The events were tentatively 
classified by visual criteria, into hammer 
tracks, °Li hammer tracks, hyperfragments 
and others. Hammer track includes those 
produced by °B fragment. 

The definition of the hammer tracks and 
°Li hammer tracks are as follows. Two 
tracks by helium nuclei (‘He or *He) and a 
track by an electron or a positron associate 
with the common centre where *Li or °B or 
°Li fragments stopped. The experimental 
determination that an apparent hammer track 
or an apparent °Li hammer track are those 
produced by *Li or *B fragments or °Li frag- 
ments, respectively, was made by the follow- 
ing criteria. 

(A) The criteria for the *Li and *B hammer 
tracks 

(a) Two alpha-particles should be emitted 
in opposit direction and their ranges in emul- 
sion should be equal. 

(b) The experimental Q-value of the decay 
obtained from the sum of the energy of tke 
two alpha-particles should agree with the Q- 
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vaule of the decay of an excited *Be nucleus 
into two alpha-particles. 

(c) An electron track for *Li or a position 
track for *B shuld be associated at the point 
of decay of the fragment. 

All the hammer tracks analysed in this 
paper satisfy the criteria (a) and (b). And 
out of 90 hammer tracks 8 events are missing 
the electron track, and these may be due to 
the crowded prongs of the parent star or 
short available path length for electron track 
in the same emulsion. The distribution of 
the Q-values of 8 events are in good agree- 
ment with those which have an electron track. 
There remains, however, some possibilities 
that the tracks are due to hyperfragments, 
but such a possibility can be neglected, be- 
cause probability that hyperfragments satisfy 
the creteria (a) and (b) are extremely small. 

In the course of analysis, we found out two 
examples which satisfy the criteria (a) and 
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(c) but not (b). Their Q-values, assuming the 
decay (1) are 1.75 MeV and 1.5 MeV, respec-} 
tively. But there are no levels of the excited} 
8Be nucleus corresponding to the values. 
There was doubt about these hammer tracks, | 
because the two tracks are too short to deter-_ 
mine exactly that the tracks satisfy the cri 
teria (a) or not. 

After the examination, we concluded that 
the events are due to °Li fragments. The) 
experimental @-values are well fit to the de 
cay of excited °Be nuclei and included in °Li)| 
hammer tracks. 

(B) Criteria for °Li hammer tracks. 

(d) An electron track should be associated | 
with the decay for all *Li hammer tracks. . 
In the case of the decay (3): *Li-*He+‘He: 
araee 

(e) Two alpha-particles are in general nei. 
ther collinear nor equal range. 

(f) By assuming that the event is due te) 


a 


Table I. 
Hammer track 9Li Hammer track | 
Parent Star a Rie A oem gen 
No. of 8Li Fragment Pee No. of 9Li Fragment : 
No. of Mean Prong No. | os wheeay tea “9 
No. of 
black S Observed Corrected, Frequency | Observed| Type (1) | Type (2) 
| »tars 
prongs | Total Black Grey — 
Observed | Observed 
5-8 | 9.8 6.aneatonl) des 16 17.3 0.39-£0.09 Q enptianqeay it (ognmy 
9-11 LAPATIORO SI25.9 2248 | 23 24.9 leer Oe22 0 3 1 
12-14 7S: G2. OFMSA6 1411 20 ZIG ebos- Ono5 0 Ze 0 
15-20 22-2 16) 52 ee ono 1099 | 27 29EZ 2.6640.47 | (0) 2 0 
ZY 29.6218 "6.2 | 63 2 Dee ORL te OO 2, 3 0 
Mean Ie ay 7 a7/ _ : oe , 
————| = Se 88 95.2 1.02+0.15 D ist il 
Total | 9304 
Total No. of Hammer 97.4 , 14.5 d 


the decay scheme (3) and the magnitude of 
the momentum of the neutron is equal to the 
sum of that of the two alpha-particles, the 
experimental Q-value obtained should agree 
with the Q-value calculated of the decay of 
an excited *Be*: *Be*—‘He+‘He-+n. 

In the case of the decay (4): °Li-*He+‘He 
cit oe 

(g) As expected from the decay of excited 


*Be* nucleus into ‘He and °He nuclei, two) 
tracks of the alpha-particles should be collinear ' 
and their ranges are such that the momenta, 
of the *He and *He particles should be equal | 
in magnitude and opposite in direction. 
(h) The experimental Q-value of the decay | 
of an excited *Be nucleus into a ‘He nucleus 5 
and a *He nucleus should agree with the Q-. 
value calculated from the decay scheme (4). 


{ 


All the °Li hammer tracks used are accom- 
i/panied by an electron track and could be de- 
‘finitely distinguished from hyperfragments. 
' The number of the *Li, *B and °Li hammer 
‘tracks are shown in Table I. 
» There may be, however, some °Li hammer 
tracks whose electron tracks could not be ob- 
‘served and in this case it was excluded from 
‘Li fragment. Thus, the corrections were 
‘made by assuming the same missing prob- 
‘ability of the electron track as in the case of 
'8Li hammer tracks. Also the correction were 
»made in Table I for the hammer tracks whose 
prongs do not end in the same emulsion sheet 
and cannot be picked up as hammer tracks. 
In order to distinguish between ®Li and *B 
‘hammer tracks, attempt was made to dis- 
tinguish *B hammer tracks from *Li hammer 
tracks. 


iva 


No. of events 
mo S$ 
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The 0-ray measurement were performed on 
all the hammer tracks longer than 200 “m 
and the dip angle of less than 56° in unpro- 
cessed emulsion. The experimental number 
of d-rays of more than two grains, and of 
more than three grains are shown in Table II 
and III.* The number of 6-rays attached to 
track No. 10 is distinctly different from the 
others. 

The total number Ns of 6-rays attached to 
a track of the range R of a particle of the 
charge Z and the mass WM is expressed as 
follows: 


Ns=M-G(RZ?/M) (A) 
where G(_) is a function which depends only 
on (RZ?/M). 


The range Riri and Rg of the tracks of 8Li 
and *B fragments, are such that the tracks 


C1 i -& Be —> AHe+“He +n 
NS 9i © Be — SHe+“He 


Energy in Mev 


Fig. 1. Q-value obtained of the decay of °Be (produced by §- decay of *Li) into ‘He + 4He+n+Q 


and #He+5He+Q. 


contain the same number of é-rays, then the 
expression (A) shows that, as the mass is the 
same, the range is inversely proportional to 
the square of charge: Rii/Re=(Zp/Z1i)? = (5/3). 

Assuming that the track No. 10 is due to 
a °B fragment, the expected curve for d-rays 
obtained of *Li from those of track No. 10 
is shown in Fig. 2. 

That the width for *B fragment is larger 
than that for *Li fragment results in under 
estimate of the number of d-rays of more 
than two grains in the track of °B fragment. 
Taking into account of the fact, the result 
agrees with that the track No. 10 is due to 
a §B fragment. 

For shorter tracks, the profile measurement 
were made on all the hammer tracks whose 
dip angles are less than 35° and the length 
exceeds 60 um. The tracks were divided into 
5 micron cells and for each segment of the 
track, the mean width was measured under 
the microscopic magnification 1.500 and sum- 
med up those values for each track. 


o 
9 


No. of 8-rays 
a 
° 


iS) 
fe) 


Range of hammer tracks (lOQum) 


Fig. 2. The number of d-rays in the tracks of 
hammer. - indicates the number of d-rays 
for Li fragments expected from Z?2 law and 
assuming the track No. 10 is due to a 8B frag- 
ment. 


* (Note by the Editor) These tables are missing 
here owing to an accident; they will be printed in 
the Errata reaction of the forthcoming issue, 
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Thus, we get a measure of area on each 
track. The values obtained are plotted in 
Fig. 3. The area is not depend on the dip 
angle of track of the dip angle less than 
35°. The distribution shows that track No. 
15 is distinctly different from the other group. 
The mean values of the group is 0.95-£0.08 
ym. The value for the track No. 15 is 1.246 
ym? and the value is deviated more than 
twice the standard deviation. 


Li 


w 


No. of events 
ee nN 


(edt 


2 22 
Area of the tracks in 0.05 um@ 


Spite 
18 


> fal 
oh SOL 


Fig. 3. Profile measurement (area of the tracks 
of 60 »m track length). 
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Enerqgy in MeV 


Fig. 4, Energy distribution of %8Li fragments 
emitted from stars produced by 4.3 GeV x-- 
mesons in emulsion. 


From the mean value of the group of 0.948 
ym? for *Li fragment, and applying z'/? law 
of the track width, we obtain the track width 
for *B fragment, 1.22 ~m? which is in good 
agreement with the observed value of 1.25 
yom?. Thus, the track No. 15 is concluded to 
be due to a °B fragment. Our result also 
agrees with 1.27 for the ratio of the area of 
100 wm tracks of *B and *Li fragments which 
was obtained by O. Skjeggested et al.”. 

The frequency of emission of *Li, *B and 
°Li fragments in stars of different number of 
black prongs are given in Table I. The cor- 
rections for the hammer tracks which are 
escaped from emulsion before decaying at 
rest are made in Appendix (I) and included 
in Table I. 

The energy distribution of 88 *Li fragments 
assuming that all the hammer tracks are pro- 
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duced by *Li fragments and that of 12 °*Li 
fragments are shown in Fig. 5 and in Fig. 6, 
respectively. The angular distribution of s]A 
fragments and °Li fragments to the incident 
m--meson beam are shown in Fig. 7. 
energy distribution of *Li and °Li fragments 


(J) Sti %Be-> “He +4Hetn 


SZ] Li + %Be + He +4He 


il to 


Fig. 5. Energy distribution of °Li fragments. 
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fe) 


- 0.33 


xO -0.67 
cos 8 
Fig. 6. Angular distribution of hammer tracks 
to the incident x-meson beam. 
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20 SO SAO ASO) 
Eneray of ®Li 
Fig. 7. Energy distribution of hammer tracks 
emitted in forward and backward direction. 
— forward, ---- Backward. 


in the backward direction as well as the for- 
ward direction with regard to the direction of 
the incident z~-meson are shown in Fig. 8. 
The ratio of the number of *Li fragments 
emitted in the forward to backward obtained 
is 1.29-++0.26 for all fragments and 2.4+0.9 


The | 


f 


| 


\ 
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, 1for energy greater than 30 MeV. 


§ 3. 
§ Frequency of emission of *B fragment 

Based on the observed *B fragment, an 
estimate of the total number of *B fragments 
is made. The number of fragment A of the 
energy between EF and E+dE emitted from 
nucleus of the temperature T at rest is given 
as follows: 


Discussion 


iidv, any a 
) dNs=Ny=4— "A exp( Se \dEs, 


where Na, Va are the total number, the 
height of Coulomb potential for fragment A. 


Frequency 


fe) 50 100 (sOum 


Range of hammer track 
- Fig. 8. Range distribution of hammer tracks of 
the mixture of 8Li fragments and 8B fragments 
with the ratio of 10:3. 


sAccording to (1), when Esp—Vp=E1ri-— Vii 
holds, the ratio of the number of *B and 
SLi fragments of the energy greater than Fp 
and £1;, respectively, is equal to the ratio 
of the total number of *B and ‘Li fragments 
i.e. Np/Ni. Putting for Vri=7 MeV and 8 
MeV and /Lp=40 MeV (which is the energy 
of *B fragment distinguishable from *Li frag- 
- ment) and taking into account of the experi- 
' mental restriction for the identification of *B 
fragments, we get Np/Nri=0.1~0.3. The 
result is in conformity with that obtained by 
Skjeggested ef al. and also the prediction 
from the evaporation theory which gives the 
ratio Ne/Nii=1/3.2 for T=10.3MeV. (Ap- 
pendix II) 

In order to know the contribution of *B 
fragment, the range distribution of hammer 
tracks when the ratio Ne/N1i is equal to 0.3, 
is given in Fig. 9. The best fit curve to the 
experimental distribution is given by T=10.3 
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MeV and V,i=8.0 MeV. 

As can be seen from Fig. 8, the low energy 
cut in the range distribution is determined 
by that of *B fragment. The height of 
Coulomb potential thus obtained from the low 
energy end of the distribution correspond to 
that of *B and not to that of *Li fragments 
as ordinarily assumed. 

This conclusion is scarcely affected by the 
motion of the emitting nuclei and the tunnel 
effect of the evaporating fragments through 
barrier. 


direction of 
hammer track 


Emulsion Surface 
Fig. 9. 


The above conclusion, however, depends on 
the ratio Np/Nii and the number of hammer 
tracks observed in the experiment. In the 
case where Np/Nri=0.1, and the number of 
hammer tracks observed is less than 100, 
which is not incompatible with the present 
experimental results, the possibility of obser- 
vation of *B fragments which range is less 
than that of the shortest *Li fragments will 
be small as the observed number of hammer 
tracks decrease and the value of the potential 
thus obtained become more likely to be that 
of *Li fragment rather than that of °B frag- 
ment. 

The ratio Np/Nii=0.1~0.3 is also in agree- 
ment with that of Skjeggested et al. But the 
experimental result obtained so far is not 
sufficient to draw any difinite conclusion on 
the potential barrier, and the further experi- 
ment is desirable. 


Frequency of emission of °Li fragment 

The frequency 72 of emission of °Li frag- 
ment relative to that of *Li fragment is 0.15 
+0.05. The value is much higher than that 
expected from the one by 950 MeV proton by 
Munir et al. in which a °Li fragment in 50 
8Li fragments. 
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One of the reason for this is due to the 
dependence of the frequency on the tempera- 
ture of emitting nuclei. But the temperature 
is not sufficient for the explanation of the 
difference between the two experiments. But 
the evaporation theory gives the ratio N(°Li) 
/N@Li)=1/17.8 or 1/10.7 for the spin of °Li 
is 1 or 2, respectively. (Appendix IJ) The value 
is in conformity with our experimental value 
of 0.15. 


Conclusion 


§ 4. 


1. 90 examples of hammer tracks observed 
in which two °B fragments are identified. 

2. 12 examples of °Li fragment decays are 
observed. 11 examples of which are the de- 
cay of °Li~*Be+e—‘He+‘He+nu-+e-, and an 
example is the decay of °Li-*Be+e-—°He 
+ *Heepe= 

3. Frequency of emission of *Li fragment 
is estimated to be (0.94-+0.11)x10- and that 
of °Li fragment is (0.15--0.05) x10-? per star, 
respectively. 

4. Frequency of emission of *B fragment 
is estimated to be (0.1~0.3) x10~ per star of 
heavy nuclei. 

5. Frequency of emission of °Li fragment 
is in conformity with that of evaporation 
theory. 

6. The height of Coulomb potential deter- 
mined from the shortest range cut off of the 
range distribution of hammer track is more 
likely to be that of Vp and not Vyz;. The 
value obtained is Vii=(8/5) Vgp=8 MeV. 

7. N(forward)/N(backward)=1.30-++0.26 for 
all 8Li fragments, and 2.4+0.9 for 8Li of the 
energy greater than 30 MeV. 

As °B and °Li nuclei are isobar and isotope 
of *Li nucleus, the study of *B and °Li frag- 
ments emitted from stars will give another 
light to the mechanism of emission of those 
fragments from nuclear disintegration. Care 
should be paid for the distinction between 
these hammer tracks, hyperfragments and 
strange particle when the energy of primary 
goes up and is sufficient for the production 
of these particles. 

We are very grateful to Professor E. J. 
Lofgren who arranged the exposure of the 
stack and to Dr. W. W. Chupp and Dr. T. 
Kotani who exposed the stack in perfect con- 
ditions. 
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Appendix I. Correction factors for the 
hammer tracks escaped from emulsion 


The coordinate is taken as in Fig. 9. | 

Then, the fraction of hammer tracks whose _ 
residual range is Rym and emitted from 1 
stars at a depth of a in a direction of @ to | 
the incident z~-meson, escape from the sur- 
face of the emulsion is (2/z)cos~'(a/R sin 8). 

The fraction of the escaping hammer tracks 
of the residual range of R wm and emitted in| 
the direction @ from the stars which are uni- | 
formly distributed from the depth 0 to Dum 
is 


2R sin 6/(zD) 


where we have assumed that D is larger 
than R and no hammer tracks which range 
exceeds Dym. The energy distribution of 
the fragments is given by the evaporation 
theory: | 


2a HEV \ ee 
aa: exp ( T ja(=)- 


Then, the fraction of the hammer tracks of 
all the energy but emitted in a specified | 
angle @ is i 


lero pion : 
ine 2R ain 8 
a) ales an jan /\" an 


where R and EF are given by the range-energy 


relation: 
(R=Sfa® . 13/22 


where & is a constant. 
Integrating (II), we obtain 


ele Dipl i: iC he : 
l= = ( D ye se (V/T) +6 )sin d : 
where 
EI a Py=ee | 
= v/v 125-2 
iT OV gy Be 


and FR, is the range of hammer tracks of the 
energy corresponds to V of the Coulomb bar- 
rier height, € is small compared with 1. 

Summing up for all directions, we get, as- 
suming the isotropic distribution of emission 
of the fragments from stars, 


RE TED 
.. me ere uae 


Now, putting for /=3/2, V=9.7MeV, and T 
=10.3 MeV, we obtain for C=0.075 for ®Li 


(960) 


ind 0.025 for *B fragment. 


The correction for the number of the frag- 
nents is given by 


Neorr. = sbcemedi\ 1 = GC) é 


Appendix IT 


According to evaporation theory, the prob- 
bility Na per unit time for the emission of 
particle A with kinetic energy E=>V4, is” 


Na=kT? exp {(—Va+ba+DF)/T} , 


where k=oogm/nx*h*®, oo=geometrical cross- 
section of the residual nucleus, m=mass of 
the emitted particle, b4=binding energy of 
weehe emitted particle, V,=height of the 
wicoulomb potential barrier, T=nuclear tem- 
oerature of the residual nucleus, /=Helmholtz 
free energy of the residual nucleus of A(N, Z), 
4F the difference between F of the nucleus 
defore and after the emission of that of the 
aucleus. 

F of a heavy nucleus A(N, Z), is given by, 
gased on Fermi-gas model of nucleus, 


= Al—a- p(O—@>)?—0:07(1 + 1:26) T?] 


where G=(N—Z)/A and @ is the value of 0 
for the most stable nucleus of mass A, a 
=8.5MeV, B=22.3 MeV, and is well repres- 
Jented by the semi-empirical formula: 


A2/s 
~ AV84132 ° 


% 
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Taking Br? asa mean nucleus of the charac- 
teristics of the evaporating heavy nucleus in 
emulsion, we find for Vpi=8 MeV, 


NCB) _ figele - 
‘="NCLi) =exp | (—12.8+ 0.0117 )] ; 

NC@Li)_ geri | 1 F | 
>= NEGLI) = “5. exp pl s.2—0.097 Wall. 


where go, =3 or 5, according to the spin of 
°Li equal to 1 or 2. 

For T=8, 9, 10.3 MeV, we obtain 7:=1/4.8, 
1/3.9 and 1/3.2 and r2=g91;/13.0, g91;/11.7 and 
g1;/10.7, respectively. 
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Cleavage faces of LiF single crystals were studied by the Berg-Barrett 
method of X-rays. (i) Boundary lines of subgrains with small tilt angle 
show the intensity enhancement. The intensity enhancement is also seen 
for boundaries lying closely to the surface. (ii) As to deformations 
produced by cleaving, more informations such as slip directions are 
obtained than in etce-pit photographs. (iii) Furthermore, outcrops of 
individual dislocations arrayed in a boundary line or scattered in the 
interior of a grain are resolved. Dislocation half-loops lying closely to 


the surface ina slip line are also observed. In each type of the defects 
above mentioned the direction of Burgers vector is determined. 


$1. Introduction 


X-ray diffraction microscopy which presents 
us topographical information about lattice de- 
fects in a crystal has been recently developed 
to such an extent that individual dislocations 
have been able to be detected. In compari- 
son with light and electron microscopy, X-ray 
diffraction microscopy has several advantages: 
specimens do not suffer from any change of 
state with such a treatment as etching or deco- 
ration; they need not be so thin as in electon 
microscopy; and furthermore the direction of 
the dislocation Burgers vector can be deter- 
mined. In X-ray microscopy, three different 
natures of diffraction are utilized to discrimi- 
nated distorted region from the perfect one, or 
to obtain the image contrast; that is, (i) 
enhancement of integrated intensity or reduc- 
tion of primary extinction; (i1) displacement 
of diffraction angle (in order of second) and 
(iii) decrease or disappearance of anomalous 
transmission. With the use of (i), Lang? 
established a fine technique to observe clearly 
dislocation lines in the interior of crystals. 
With the refined Berg-Barrett mehtod®) where 
the nature of (i) is also used, Newkirk” ob- 
served outcrops of individual dislocations at 
the surface of Fe-Si single crystal, and fur- 
thermore fine structures of plastic deforma- 
tions and dislocation outcrops at the cleavage 
face of a slightly compressed LiF single 
crystal. Bonse and Kappler® studied outcrops 
of dislocations at the surface of a Ge single 


crystal wifh the double crystal spectrometer 


using (ii), where the fine structure of the im-- 
With | 


age was compared with the theory. 
the use of (iii) Borrmann et al® observed 


dislocation lines in the interior of Si single: 


crystal with a point source of X-rays, while 
Bardt and Hosemann” and Gerold and Meyer® 


observed dislocation lines with a parallel beam | 
arrangement, the latter having also obtained | 
By the same tech- | 
nique one of the author and his coworkers | 
showed that the anomalous transmission phe- | 
nomenon was useful to detect lattice defects | 
or strain field caused by other sources than | 
the dislocation, that is, the strain field produced 
by external force in a Ge single crystal and | 
the layer structure probably due to oxygen in 
a Si single crystal’, the latter of which had | 


the stereographic pattern. 


been observed by Dash with the decoration 
technique and infra-red microscopy”. 

We have observed cleavage faces of LiF 
single crystals by the refined Berg-Barrett 
method as Newkirk*. 


ments as the one of Bonse or Lang. 

The surface of LiF single crystal has been 
intensively studied especially using the chemi- 
cal etching technique’. As mentioned above, 
a general study of LiF single crystals by X-ray 
microscopy has been reported by Newkirk. 
While Newkirk studied mainly plastic defor- 


* The preliminary report has been given!?), 
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This method needs | 
neither any special micro-focus X-ray tube as | 
the one of Lang, nor any complicated instru- | 


| 1960) 


mations procuced by a slight compression, 
we studied more details of lattice defects on 
jsurfaces as cleaved, such as grain boundaries, 
iplastic deformations produced by cleaving, 
‘individual dislocation outcrops found at the 
subgrain boundary or within the subgrain and 
édislocation half-loops lying near the surface. 


{§2. Experiments 


‘a. Apparatus 

The experimental arangement is shown in 
Fig. 1. The distance between the specimen 
jand the photographic plate was made as small 
)as possible to obtain the high resolution from 


Photografic Plate Crystal 


X-Ray Source 


Crystal 
Reflecting Net Plane(100) 


Fig. 1. Experimental arrangement. 

(a) Projection on the plane perpendicular to 
the incident plane. 
(b) Projection on the plane parallel to the 
incident plane. For the (200) reflections, the 
photographic plate is put at the position indi- 
cated with the dotted line. 
(b’) Projection is the same as in (b), but for 
the case of {220} reflections. 

In the present experiment, the apparent focal 
size is fy=1mm and fl=1mm, the true focal 
size being 1x10 mm. 


' the reason described in § 2c. The LiF single 
| crystals were purchased from the Harshaw 
Chemical Company. The usual sealed-off X- 
ray tube of Cr target with the focal size 1x10 
mm was used and operated at 40 KVP and 10 
mA. For the case of high magnification (about 
100 times), high resolution spectrographic plates 
649-0 of Kodak were used, where the exposure 
time was several hours. 

In order to obtain the good image contrast, 
a foil of Be 0.2mm thick was used instead of 
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black paper for shielding the photographic 
plate from the light and cleavage surfaces as 
flat as possible were used. 


b. Direction of Burgers vector and reflecting 
plane 

For the LiF crystals, the slip planes are 
{110} and the slip directions or the direction 
of the Burgers vector are <110> as shown in 
Fig. 2. It is usually known that the reduction 
of extinction is the strongest, when the re- 
flecting plane is normal to the direction in 
which the lattice distortion is the strongest. 
Accordingly it is expected that the image 
contrast is the largest when the Burgers vec- 
tor directs normal to the reflecting plane. For 
this reason the {220} reflections were mainly 
utilized as in case of Newkirk. The (200) 


Plate 


Crystal Surface ! 
Bee ls 7 
pare le Du 


(b) 


Schematic diagram showing resolution of 


Reflecting Net Plane 


Fig. 3. 
the image. 
(a) Projection on the plane perpendicular to 
thd incident plane. In the hatched region, the 
two images I(p,;) and I(p2) can not be separated. 
(b) Projection on the plane parallel to the 
incident plane. The difference in the direction 
of Ka, and Ka, is exaggerated. 

D, and Dy, are the component of the short- 
est separable distances in the direction perpen- 
dicular and parallel to the incident plane respec- 
tively. 

1 and m are the distances from the crystal 
to X-ray source and to the photographic plate 
respectively. @ is the Bragg angle, a, the angle 
between the reflecting plane and the crystal 
surface, 40, the angle of dispersion Ka, and 
Ka, fw, the apparent X-ray focal width. 
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reflection was also sometimes used for com- 
parison. In Table I the angles between the 
reflecting planes used and various slip direc- 
tions are given. In the present experiment 
the {220} reflections have also the advantage 


Fig. 2. Slip planes and slip directions. In the 
figure only the planes and directions which can 
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Table. I. 
used and the slip directions. 


Angles between the reflecting planes 
(in degree) 


"~~ Slip directions 
Reflect- [101] [101] [110] [110] f011] 011] | 
ing planes | 
(202) 90 0 30) 30) 308 330 
(202) 0 90 30 30 30 30 
(220) 30 30 90 BO) a 
(230) | 30 30 0 90 30 30 
(200) 45 45 45 45 0 0 
——_ YY —s—_— 
(screw) edge 


that the image is hardly distorted: the magni- 
fication in the direction parallel to the incident | 
plane is usually only several per cent larger 
than in the direction perpendicular to the 
incident plane. 

In the experiment four planes of {220}, that 
is, (220), (220), (202) and (202), can be practi- 
cally used as the reflecting plane. The direc- 
tion (not sign) of the Burgers vector will be 


be used for X-ray observation are shown. The determined by knowing the reflection plane 
cleavage face is (100). giving the strongest contrast. This is, how- 
ne <— 
(202) t (c) (220) 


(a) (202) J (b) 


(d) (220) 


(f) (220) (e) 


Cal) 


Fig. 4. X-ray photographs of snbgrain boundaries for different reflections. 
(a), (b), (c) and (d) were taken from the same surface of a crystal, and (f) was taken from 
the matched surface of the pair produced by cleaving. For.comparison the mirror image is 


shown in (f). 


The arrow indicates the direction of the incident beam. 
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ever, possible only if the Burgers vector 
direction is [110], [110], [101] or [101], but not 
if the direction is [011] or [011]. In the latter 
case, the image contrast is expected to be the 
same for above four reflections, and it cannot 
be determined to which direction the Burgers 
vector is parallel. 


c. Instrumental resolving power 


One of the factors limiting the resolution of 
the image is the grain size of the photographic 
plate. We can practically use the special 
plate, for example, Kodak 649-0, the grain size 
of which is smaller than 1, at the cost of a 
long exposure. 

Another factor determining the resolution 
is the diffuseness of the image of an isolated 
defect such as a dislocation outcrop or a dis- 
location line. This factor is further classified 
into the one due to the state of defects, and 
the one due to the experimental arrangement. 

The fomer is dependent of the aggregating 
state of dislocations, the relative direction of 
the Burgers vector to the reflecting plane and 
others. The latter is here called the instru- 
mental resolving power, and involves the fac- 
tors such as the property of the incident beam 


(a) (220) > (b) 


(d) 


Fig. 6. The change in appearance of sub 
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source, and the relative position of the source, 
specimen and the photographic plate. The 
former is an important but complicated pro- 
blem, and will be mentioned a little in §5a 
and §6, but should be studied in detail in the 


t (x30) 


<2) 


Subgrain boundaries showing the asym- 
(Z00) reflection. 


likey, By. 
metric intensity distribution. 


(202) | 


(x21) 


grain boundaries with chemical polishing. 


(c), furthermore chemically polished 


(a) as-cleaved, (b), chemically polished for 15 min. (~12,), 
for 6min. (~5). (d), the schematic diagram of (a). 
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(geometrical divergence, spectral distribution 
of the wave length), dimension of the X-ray 
future. Here we consider only the latter. 
The instrumental resolving power can be 
roughly estimated by the following considera- 
tion for two components parallel and perpen- 
dicular to the indident plane. The schematic 
diagramm is given in Fig. 3. Here the case 
that the diffracted rays lie in the incident plane 


y Cracking direction 
¥ 


(a) (202) J (b) (220) <— (x8) 

Fig. 7. X-ray photographs from a cleavage face 
for different reflections when the cracking speed 
is pretty slow. The similar pattern to (a) was 
obtained with (202) reflection, and also the 
similar one to (b) was obtained with (290). 


(a) (220) < (b) (220) < 


(a’) (b’) (x23) 
Fig. 8. Correspondence of diffraction and etch- 
pit photographs of lattice defects produced by 
cleaving. 
The photographs were taken from the regions 
marked in Fig. 7(b). The etch-pit photographs 
were taken after the deep etching of the cleaved 
surface (about 3 min.) in order to separate well 
individual pits. 
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is considered for simplicity. This condition is 
realized in our experiment. The shortest 
separable distances of two points lying on the 
crystal surface are given for two components 
respectively as follows: 
mAd 


Dl 
uy sin (8+a@) 


(a) (202) t (b) (220) > 


ae 


(c) (202) + (d) (220) > (x11) 


Fig. 9. The change of the pattern with heat- 
treatment. 


(a) and (b), as cleaved. (c) and (d), heat-treated 
at 400°C for 20 min.. No more change was 
observed with heat-treatment for 30 hours at 
this temperature. 


(202) ¢ 


il) 

Fig. 10. Original X-ray photograph from which 
three regions were enlarged to observe indi- 
vidual dislocations as shown in Figs. 11, 13 and 
14. This photograph was taken at the final 
Stage after the surface layer about 28, thick 
had been removed with chemical polishing, cor- 
responding to the stage ¢ of Fig. 11 or 14. 
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mainly determined by the divergence of Kai 
Dye a, ae (2) and Kaz, when m is given. It is practically 
a | “ob meaningless that D, is far smaller than Dy. 
4 jAs seen from (1), D,; may be considered to be Therefore f» needs not be very small, and 


(a) 


(b) 


(202) * oe | | | (x80) 


Fig. 11. Charge of X-ray and etch-pit photographs with chemical polishing. 
(a) The cleaved face was chemically polished for 10 min., (b), chemically polished further 
for 5 min. after having been etched to obtain the etch-pit pattern, (c), furthermore 
chemically polished for 15 min. after (b). 
For comparison some outcrops of dislocations are indicated by arrows. 


(202) | (220) > 


(200) t 


(220) < (x66) 


Fig. 12. X-ray photographs of dislocations in the 
sub-grain boundary with different reflections. Fig. 13. X-ray and etch-pit photographs showing 
The photograph for (220) reflection is given in scattered dislocations in the interior of suh- 


the Fig. 12 (c). grains. 
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(202) t 


Fig. 14. Change of X-ray and etch-pit photographs of the dislocations 
polishing. Polishing treatment is the same as in Fig. 12. 


we can use the usual X-ray tube of the focal 
size 1x10mm. Jn the present experiment, the 
following dimensions were used: m=0.2~1.0 
mm, /=150mm and fu=lmm. For the {220} 
reflections we have #=53.5° and @=45°, and 
for the (200) reflection #=34.7° and a@=0°. 
With 49(Ka;, Kaz)=2 x10 radians, and m= 
0.5mm, we have from (1) and (2) D//=1.0u 
and Di=3:34 for {220}, and D187 and 
D,=3.3y for (200). The order of resolutions 
may be said to be several microns. 


§ 3. Subgrain Boundaries 


a. Intensity enhancement at the subgrain 
boundaries. 
When the crystal is of high quality, the 
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(a’) 


(b’) 


(x 80) 
on a slip line with chemical 


(202) | (220) > 


(200) t 


(220) <— 
X-ray photographs of a part (left) of 


(x50) 
Fig. 15. 


Fig. 14 with different reflections. The chemical 
stage is the same to the one of Fig. 14 (c). 


network pattern with the enhanced intensity 
is observed on the diffraction photograph 
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from the cleavage face. A series of photo- 
jgraphs for various net planes from a face are 
shown in Fig. 4. From the etch-pit photo- 
§graph the network was confirmed to corres- 
pond to the subgrain boundary on which etch 
ipits were arryed, as seen in Fig. 11. As will 
jbe mentioned in § 5a, the boundary line could 
ibe also resolved in individual dislocations even 
in the diffraction photograph, if the dislocation 
iidensity is sufficiently low. The intensity en- 
hancement at the boundary is attributed to 
jthe reduction of the extinction effect due to 
Sthe strain field around the dislocation array. 
| It is known that if the dislocation density 
"at the boundary is sufficiently high and ac- 
icordingly the tilt angle is sufficiently large, 
ethe intensity enhancement as mentioned above 
jis not seen at the boundary, but the intensity 
) anomaly of another type appears. The images 
‘of grains shift against each other, being sepa- 
rated from or overlapped each other according 
jto the sense of the tilt agnle. In the former 
case the region of zero intensity appears, while 
jin the latter case the intensity enhancement 
is seen as the result of overlapping, but the 
enhancement is not so remarkable and the 
‘region is usually not so narrow as in case of 
the small tilt-angle boundary. As the case of 
} the large tilt-angle boundary has been studied 
by many investigators, it will not be con- 
E sidered in the present paper. 


“b. Change in the intensity contrast with the 
reflecting planes. 

As seen in Fig. 4, the intensity contrast of 
‘the boundary is remarkably changed with the 
‘different reflecting planes. 

Most boundaries have the strongest intensity 
i for one reflecting plane, for example, the lines 
'1 and 10 for the (202) reflection, 5 and 9 for 
|(202), 3, 6 and 8 for (220) and 7 for. (220). 
) From the reason mentioned in § 2b. it can be 
i concluded that the Burgers vectors of disloca- 
tions for these lines are normal to the reflect- 
ling planes giving the strongest contrast, 
respectively. On the other hand, some 
! boundaries, for example, 1’ and 4, do not 
} show any remarkable intensity change with 
i different planes. In this case the Burgers 
‘vector of dislocation is considered to be nor- 
imal to eithe (011) or (011) plane, neither of 
lwhich can be used as the reflecting plane in 


} the experiment. ; 
Some lines have almost equal intensity for 
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two reflections, for example, the line 2 for the 
(220) and (220) reflections. This facts cannot 
be explained by the consideration in § 2b. 
Some other factors, such as the coexistence 
of dislocations with different Burgers vector 
directions, the difference of the strain field 
between an isolated dislocation and a disloca- 
tion assembly or a boundary wall, seem to be 
considered. Some considerations in relation 
to these problem will be given in §5 and §6. 


c. Intensity enhancement in the whole region 
of subgrain and asymmetric intensity dis- 
tribution of the boundary line 

It is to be noted that some small subgrains 
show the intensity enhancement in the whole 
region: for example, grains indicated with 
I, II, Il] and IV in Fig. 4(e) show the inten- 
sity enhancment in Fig. 4(f), which was taken 
from the matched face of the piece making 
the pair with the one of Fig. 4(a)~(d). 

It is also noticed that some boundary lines 
show the asymmetric intensity distribution in 
the direction normal to the line, being diffuse 
at one side, while sharp at another side. This 
tendency is more clearly seen in another pho- 
tograph, Fig. 5. 

To explain these phenomena the following 
experiment was carried out. After the cleav- 
age face, from which Fig. 4f was taken, was 
chemically polished with the NH.OH (2% in 
volume) solution following Gilman", the X-ray 
photograph was taken again. This procedure 
was twice repeated. The thicknesses of layers 
removed at both polishings are estimated to 
be about 12 and 5 respectively. Correspond- 
ing patterns are given in Fig. 6. The change 
of the pattern is especially remarkable for the 
small grains having the intensity enhancement 
as above mentioned: Grains II and IV have 
disappeared already with one time polishing, 
and grains I and III become smaller. From 
this fact it can be concluded that the boundary 
walls of these subgrains found themselves so 
closely to the surface (at the deepness of ten 
yin order) that X-rays reflected at the bound- 
ary walls are less absorbed in the path, result- 
ing in the intensity enhancment for the whole 
subgrain. 

The asymmetric intensity distribution of the 
boundary line is also explained in the similar 
way: the boundary wall lies much inclined 
to the surface, and accordingly lies very close- 
ly to the surface. 
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Plastic Deformations produced by 


Cleaving 


Besides the network pattern of subgrain 
bondary, another type of patterns as shown 
in Fig. 7 was sometimes observed, which 
seems, at first sight, to be consisted of 
parallel streaks (horizontal and vertical) and 
curved lines. As a general tendency the pat- 
tern of this kind appeared more clearly when 
the cracking speed was lower. Similar pat- 
terns were taken and studied by Gilman! with 
the etch-pit technique, and the X-ray diffrac- 
tion photograph of the pattern was also taken 
by Newkirk.!)* We examined the pattern of 
the X-ray photograph in more detail and es- 
pecially tried to obtain some complementary 
informations to those from the etch-pit photo- 


§ 4, 
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is obtained only from the diffraction photo- 
graph. Secondly, in the diffraction photograph 
the spotty images of the dislocation outcrops 


can be hardly observed, but the streaks are? 


only observed. These facts suggest that a 
streak corresponds to one or a few dislocation 
lines, which lie very closely to the surface. 
A similar case will be mentioned in § 5(c) 
The concept that the defects responsible for 
the streaks are very shallow is also supported 


by the experimental fact that the streaks} 


disappears with a slight chemical etching or 


with the heat-treatment such as at 400°C for 


20 min., aS seen in Fig. 9. 


§5. Dislocation Outcrops and Dislocation 


Half-Loops 


= 


, 
| 


y 


q 


In the diffraction photograph from the LiF 
single crystal, outcrops of individual disloca- 
tions are usually difficult to be observed, 
because the dislocation density is generally not 


graph. 

The appearance of the streak pattern is 
changed noticeably with different reflecting 
planes, that is, only horizontal parallel streaks 


are seen for (202) or (202) reflection, while 
only vertical ones for (220) or (220). It can 
be concluded that the plastic deformations pro- 
duced by cleaving are consisted of four kinds 
of slip: the [101] direction in the (101) plane 
and [101] in (101) for the horizontal streaks, 
and [110] in (110) and [110] in (110) for the 
vertical streaks. 

As another feature, a group of curved lines 
like the wave front is observed. Both kinds 
of horizontal and vertical streaks above men- 
tioned are broken at the curved line. Accord- 
ing to Gilman, when the propagation speed of 
cracking is slowed down or stopped, many 
dislocations are generated. The curved lines 
correspond to the crack fronts at various 
instants. For comparison, the enlarged pho- 
tographs of two regions in Fig. 7(b) and the 
corresponding etch-pit photographs are given 
in Fig. 8. 

The etch pit photographs was taken after 
the cleaved surface was etched, in order to 
obtain the clear pattern of etch pits. There- 
fore the exact comparison can not be made, 
but some essential differences of both patterns 
are clearly seen. Needless to say, at first, the 
information as to the Burgers vector direction 


* Furthermore it is seen in Fig. 7(a) that hori- 
zontal streaks are broken at some white lines runn- 
ing about vertically. The latter lines are likely to 
be the cleavage step. 


so low as in case of Ge and Si. In the present 
experiment, however, individual dislocation 
outcrops, arrayed in the subgrain boundary 
or scattered in the interior of the subgrain, 
could be resolved. Furthermore, the image 
of dislocation half-loops was also confirmed. 


In Fig. 10 a general view of the diffraction | 


photograph of a specimen is given, 


three > 


regions of which were enlarged to study 


various types of dislocations. 


a. Dislocations in the subgrain boundary 

In Fig. 11 the diffraction as well as etch-pit 
photographs of the region I of Fig. 10 are 
given, where the change of the pattern with 
successive chemical polishing is also shown. 
The chemical polishing was carried out as 
follows. At first the cleaved face was chem- 
ically polished in the same way as in § 3c 
to obtain the photographs of good contrast by 
removing the distorted layer produced on 
cleaving. Then the X-ray photograph (Fig. 
ll(a)) was taken. Next, the surface was 
slightly etched by Gilman’s method, to obtain 
the etch-pit photograph (Fig. 11(a’)). Repeat- 
ing this procedure, a series of photographs 
were obtained. The times of chemical polish- 
ing were 10, 5 and 15 minutes, respectively, 
which means that the layers about 8, 4 and 
12 respectively were removed at each polish- 


ing. The thickness of the layer taken away | 


with the etching before obtaining the etch-pit 
photograph is considered to be negligible, 


As seen in the diffraction photographs, Fig. 
‘}11 (a), (b) and (c), the boundary running nearly 
‘Whorizontally is consisted of the array of points. 
#One point corresponds sometimes to one etch 
‘}pit and sometimes to an assembly of a few 
‘@etch pits. The dimension of one point image, 
several microns, seems to limit the resolution. 
“SIt is a little larger than the instrumental 
‘@resolving power discussed in §2c. This is 
probably because the resolution of the image 
becomes poorer by the effect of lattice distor- 
(tion as mentioned in § 2c. 

The distribution of dislocations near the 
» cross-point of the boundaries is changed re- 
§/)markably with etching in both diffraction and 
‘} etch-pit photographs. The horizontal bounda- 
ji ry line which is seen as one line in Fig. lia, 
is divided into two boundaries in Fig. 11(c)*. 
} The image contrast of the dislocation out- 
} crops in the diffraction photographs is varied 
™@ sensitively with the reflecting plane, as shown 
in Fig. 12. These photographs were taken at 
‘the same stage of chemical polishing to the 
@ one of Fig. 11(c’). Among the series of the 
® {220} reflection photographs, Fig. il(c) and 
Fig. 12, the intensity contrast of the point 
f image is the strongest for the (202) reflec 
tion**. From the consideration in § 2b, it can 
be said that the Burgers vector direction of 
' the dislocation is [101]. 


i b. Scattered dislocations in the interior of 
subgrains 

'  Outcrops of dislocations scattered in the 
_ interior of subgrains are usually difficult to be 
( observed in the diffraction photograph. But 
' with a careful treatment, they could be also 
| observed as shown in Fig. 13, where the etch- 
_ pit photograph is also given for comparison. 
} In both photographs, which were taken from 
- the region II of Fig. 10, one-to-one correspond- 
ence could be established for many points. 

The intensity contrast of these scattered iso- 
lated dislocations is generally far weaker than 
one of the dislocations arrayed in the subgrain 


* In Fig. 1l(c’) it seems that other imperfec- 
tions appear and mask the boundary. 
*k Jt is to be noted that the intensity contrast 


is not completely zero for other reflection than (202), 
being pretty strong for (202) and weak but still 
obserbable for (220) and (220). 
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boundary. This fact might be probably attri- 
buted to the following circumstances. Ac- 
cording to the dislocation theory, the strain 
field around a single dislocation decreases 
more gradually than the one around the dis- 
location row or the boundary wall, and 
accordingly the strain gradient in the former 
is smaller than in the latter. On the other 
hand, it is usually known that the extinction 
effect is weaker or the intensity contrast is 
stronger when the strain gradient is larger. 


c. Dislocation array and half-loops 

In Fig. 14 the diffraction photographs from 
the region III of Fig. 10, are given together 
with the etce-pit photographs. The series of 
photographs were taken at the same stages of 
chemical polishing to these of Fig. 11. 

The difference in appearance between the 
diffraction and etch-pit photographs is remark- 
able. while etch pits are observed to be 
arrayed nearly on a line in the etch-pit pho- 
tograph, many streaks and a few points are 
observed in the diffraction photograph. The 
both ends of the streak were proved in most 
cases to correspond to etch pits. 

It may be concluded that the streaks in the 
diffraction photograph is the image of the 
half-loop of the dislocation: the half-loop lies 
so closely to the surface that not only the 
dislocation outcrops but also dislocation loops 
themselves are observed. The appearance of 
the pattern in the diffraction as well as etch- 
pit photograph is changed remarkably with a 
slight etching of the order of ten microns. 

For the left region of Fig. 14 the diffraction 
photographs were taken with (200) and various 
reflections {220} other than (202), as shown in 
Fig. 15, where the stage of chemical polishing 
corresponds to the one of Fig. 14(c). The 
intensity contrast is very weak for all reflec- 
tions {220} in Fig. 15. Therefore it can be 
concluded that the Burgers vector direction of 


the dislocation loop is [101]. The slip plane 
is also considered to be parallel to (101). It 
is to be noted that the streaks or the etch pits 
are not arrayed exactly on a straight line, 
suggesting that the slip does not occur exactly 
in one plane. 


§6. Conclusions and Discussions 

The Berg-Barrett method of X-ray diffrac- 
tion microscopy proved useful to study the 
defects on the surface or lying closely under 
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the surface of single crystals. In favourable 
cases, individual dislocations could be resolved 
($ 5). 

As an advantage common to the X-ray dif- 
fraction microscopy, the specimen can _ be 
observed without disturbing the state of the 
specimen, being different from light micros- 
copic observation by the use of etching or 
decoration. Accordingly the Berg-Barrett 
method is useful to study the surface phe- 
nomena, which might disappear by a slight 
etching or the heat-treatment necessary for 
decoration. Furthermore the X-ray diffraction 
microscopy is generally suitable for the study 
of structural changes of lattice defects. As 
an example, the polygonization process of bent 
crystals of LiF is being studied by us and will 
be reported in the near future. 

Another advantage common to the X-ray 
diffraction microscopy, that the intensity con- 
trast of the image is dependent of the relative 
direction of the strain gradient to the reflect- 
ing plane, was utilized to the fullness in the 
present study. In many cases, the Burgers 
vector direction of dislocation could be deter- 
mined (§ 3b, §4, §5a and b). 

For some cases (§ 3b), however, the change 
in intensity contrast of the boundaries could 
not be explained by the simple consideration 
mentioned in §2. The dimension of the image 
is also a problem to be studied in the future, 
in relation to the resolution of the image (§ 2c). 
Theoretical considerations are necessary, tak- 
ing account of factors such as the modified 
strain field arround the dislocation array, not 
a single dislocation, and the relative directions 
of the Burgers vector as well as the disloca- 
tion line to the reflecting plane. 
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The crystal structures of the ordered phases in the Au-Zn alloy system 
have been studied in detail by means of X-ray and electron diffraction on 
single crystal samples, and the order-disorder and other kinds of phase 
transitions involved in the present system have also been studied by the 
measurement of specific heat. 

The previously proposed structures of Aus;Zn, AusZn[H], AusZn[R] 
have substantially been confirmed and that of Au;Zn3 only partly. Mo- 
reover, the details in these structures have been revealed: in Au; Zn 
some type of the strong lattice modulation is present, and in Au3Zn[R] 
the two types of structure, AusZn[Ri] and Auj3Zn[R.], certainly exist. 
The transition behavior of the alloys with changing temperature has been 
investigated on samples of various compositions and the thermodynamic 
data obtained are presented. The phase diagram of the Au-rich side of 
the present system is reasonably corrected by the present experiment. 
The orientation distribution of the ordered crystals formed in the originally 
disordered crystal and the nature of the transition, Au3Zn[H]>Au;Zn[R], 


are briefly discussed. 


431. Introduction 


i The formation of the ordered phases with 
Yong period in the gold-rich solid solution of 
he gold-zinc alloy system was first reported 
vy Schubert and his collaborators in 1954”. 
[he structures of these ordered phases are 
tharacterized by the presence of ‘‘ anti-phase 
Jomains’’ with definite size, z.e. the long range 
yrder in the usual sense extends not over the 
whole crystal volume but only over small 
jlomains, and these domains are regularly 
jarranged with a definite phase-shift relation 
jto one another. Examples are found in CuAu 
fl, CusPd, Ag;sMg, Au;sMn etc. Extensive 
istudies by Schubert ef al. on the gold-zinc 
alloy system?).®).” by the X-ray powder method 
made clear the following facts: There are 
three kinds of the ordered phases with long 
period, a) Aus;Zn*(=AusZn), b) Au;Zn[H] 
and its room temperature modification AusZn 
[R] and c) AusZnzs. Frequency of the occur- 
rence of anti-phase shift (or out-of-step) in 
terms of a fundamental face-centered cell*™, 


+ Now at the Institute for Soild State Physics, 
Tokyo University, Tokyo. 


1.e. ‘‘ Verwerfungsdichte’’, shows a simple 
dependence on the valence electron concentra- 
tion of alloys, the dependence being regarded 
as the characteristic nature of the ordered 
phases with long period. Recently, one of the 
present authors (H.I.) proposed® that the phase 
AusZn[R] is divided furthermore into two types 
of structure AusZn[R:] and AusZn[R2]. 

Some physical properties, such as electrical 
resistivity®.”, elastic moduli? and thermal 
dilatation®, were measured by several workers 
on the gold-zinc alloys with various composi- 
tions in a wide temperature range, and, in 
particular, a detailed study using several ex- 
perimental techniques was performed on Aus 
Zn”, These experiments contributed much to 


* The convenient notation Au3;Zn was used by 
Wilkens and Schubert), because this ordered phase 
stably exists in the composition range deviating 
appreciably from the ideal composition AusZn to- 
wards Au-rich side, but the fundamental atomic 
arrangement of this phase is still based on A3B-type 
ordered structure. The present authors followed 
their notation. 

** For the meaning of this term, refer to our 
previously published papers, for example, (12). 
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our understanding of the nature of the ordered 
phases and the phase transitions of them. 

However, in view of the complicated cha- 
racter of these ordered phases, a more detailed 
study on the crystal structures of them with 
single crystals, on their stable region in the 
phase diagram and, especially, on their ther- 
modynamic properties seemed to be desirable. 
We therefore studied the crystal structures 
by electron diffraction on evaporated single- 
crystal-like films, and by X-ray diffraction on 
bulk single crystals. The order-disorder and 
other kinds of phase transitions involved in the 
present system were also studied by the 
measurement of specific heat, from which the 
changes in configurational energy and entropy 
were deduced and, at the same time, the type 
of the transitions could be concluded. In the 
present paper, the experimental results on the 
specimens with the composition range from 
about 15 to 45% Zn* are reported. The de- 
tails of structure analysis on the ordered 
phases will be reported in the subsequent 
paper. 


$2. Proposed Models for the Structures of 


the Ordered Phases 


From the analysis of powder diffraction 
patterns of the alloys, Schubert et al. proposed 
the structure models for the three ordered 
phases in the gold-zinc alloy system, as are 
shown in the following figures. First, in Fig. 
1 the structure of Auz;Zn is shown, which is 
a two-dimensional anti-phase domain structure 
(L1:VwVw") of the CusPdi, type with an or- 
thorhombic fundamental cell. There occur the 
anti-phase shifts (or, out-of-steps) simultaneous- 
ly along two directions in the same region. 
AusZn{H] is a simple, one-dimensional anti- 
phase domain structure (Ll.Vw) of the Ag;Mg 
type with a tetragonal fundamental cell, as is 
shown in Fig. 2. In this structure, the shift 
occurs only along one direction. The structure 
of AusZn[R] is somewhat complicated. The 
dimensions of its large orthorhombic unit cell 
are: aand b~1/ 2ay and c=4c;, where a; and 
cy are the axes of the fundamental cell. The 
atomic arrangement of Au;Zn[R] is obtained 
from that of AusZn[H] by shifting many of 
atoms at the face-centered positions in the 
latter structure. However, as mentioned be- 


* In the present paper, all percentages refer to 
atomic per cent. 
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fore, according to one of the present authorss 
(H.I.)» AusZn[R] is divided into the two types 
of structure, AusZn[Ri] and AusZn[R2]. The} 
latter corresponds to the structure proposed’ 
by Schubert ef al., while the former has an 
tetragonal symmetry with the a-axis nearly 
equal to the a-axis of, and with the c-axis; 
twice the c-axis of the latter. Furthermore,, 


Om QZ 


Fig. 1. Model of the two-dimensional anti-phase © 
domain structure, Au3:Zn, with M;=3 and 
M3;=2.5. The three axes of the fundamental 
cell, ay, by and ey coincide in direction with those 
of the large unit cell, a, b and ec, respectively. 
Out-of-steps occur at places indicated by arrows. 


eos 


& Zn 

Fig. 2. Model of the one-dimensional anti-phase 
domain structure, AusZn[H], with M;=2. Out- 
of-steps occur at places indicated by arrows. 


AusZn[R:i] was shown to be an anti-phase 
structure of AusZn[R:] with the period of out- 
of-step, measured in atomic distance, M, being 
unity. Both the structures are shown in Fig. 
3. AusZns has a more complicated structure. 
According to Schubert ef al., the dimensions 


“emitrinn Site a 


(Rib wh ¢ 


hie (Ra) 


of [Ro]. 


shift. 
mental cell is shown. 


of the large orthorhombic unit cell are: 
a=2V 2az, b= 2ay and c=8c;, and, again, 
-atoms in this structure are located at the 
| slightly shifted positions from the face-centered 
positions, as indicated by arrows in Fig. 4. 


| §3. Experimental Procedures 


__ Alloys were prepared from pure gold (99.99%) 
i and electrolytic zinc (99.95% In order to 
| avoid oxidation and evaporation loss of zinc, 
} melting and heat treatment of the alloys were 
| always carried out in argon gas atmosphere. 


a. Electron diffraction study 
Single-crystal-like films for electron diffrac- 
} tion were prepared in the following way: 
First, well orientated thin gold films were 
obtained by evaporating gold on cleavage faces 
of rocksalt kept at high temperatures. Next, 
| different amounts of zinc were evaporated on 
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Fig. 3. Model of the ordered structures, Au3Zn [R;] and AusZn[R3]. 

[Ri] coincide nearly with the a- and b-axes of [R»], and the c-axis of [Ri] is twice that 
Arrows show the directions of atom shift. 
axes of the large unit cell and of the fundamental cell is shown. 


Fig. 4. Model of the ordered structure, Au;Zng3. 
Geometric relation between the axes of the large unit cell and of the funda- 
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The two a-axes of 


Geometric relation between the 


Arrows show the directions of atom 


fae vol An at room- reenipersiire: and finally, 
they were annealed to allow alloy formation. 
The ordering treatments of the films were 
carried out at 120°C for a long time. The 
determination of the composition of films by 
the measurement of the lattice constant in the 
region of the a-solid solution (disordered state) 
was not carried out, because the heating of 
these films up to the disordered state might 
lead to evaporation loss of zinc. 


b. Specific heat and X-ray diffraction study 

Gold and zinc were melted together in carbon 
crucibles and rapidly poured into iron moulds. 
Each specimen was subjected to preliminary 
homogenization at temperatures immediately 
below the solidus for several hours. The 
composition was determined by chemical 
analysis. 

Specific heat was measured by an adiabatic 
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calorimeter of Nagasaki-Takagi type’, chang- 
ing temperature at the rate of about 2 
degrees per minute. Specimens employed 
were cylinders of about 10mm in diameter 
and 15mm inlength. To avoid a disturbance 
due to the heat of oxidation and evaporation 
of zinc, the vessel of the calorimeter was 
filled with argon. Before each measurement, 
the specimen was subjected to an ordering 
treatment for three or four weeks. 

Single crystals were small rod of about 
0.2mm in diameter and 10mm in length, 
grown in a thin ceramic tube by the Tammann- 
Bridgman method. Their composition was 
examined, when the quenching was effective, 
by measuring the lattice constant in the dis- 
ordered state, and utilizing the known relation 
between the alloy composition and the lattice 
constant given by Owen and O’Donnell Ro- 
berts'). Oscillation photographs were taken 
with cylindrical cameras of 8cm and 7cm in 
diameter by rotating the samples around either 
a <100> or a <110> direction of the originally 
disordered cubic cell. Throughout the present 
work only filtered Cu radiation (wave length= 
1.5374 kx) was used. 


§ 4. 
a. Electron Diffraction Study 

Seven single-crystal-like films with different 
compositions were employed, all of which had 
previously been subjected to the ordering 
treatment. In Photos. 1, 2, and 3 are repro- 
duced a series of diffraction patterns taken 
from these films. Zinc composition gradually 
increases from Photos. 1 to 3. One can re- 
cognize gradual changes of the patterns in a 
rather complicated way. It should be noted 
that each pattern represents the intensity 
distribution on a {100} plane section of the 
reciprocal lattice of the originally disordered 
cubic cell, though there takes place a slight 
distortion, and also that the crystallographic 
axes of the fundamental cell of the ordered 
phase, which are no longer equivalent to each 
other on account of the lowered symmetry on 
ordering, are distributed along the three axes 
of the original cubic cell. In interpreting the 
patterns caution was furthermore taken on 
the possibility that the intensity distribution 
not lying on the {100} plane of the reciprocal 
lattice might appear in the pattern owing to 
bending or twisting of the films. 


Experimental Results 
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Adopting the proposed structures shown in 
$2, it is able to calculate the intensity distri- 
bution in the reciprocal lattice for the ordered | 
phases. In Figs. 5, 6 and 7 are shown the | 


intensity distributions on a {100} plane section 
calculated by assuming three or sixfold super- 


positions of possible orientations of the ordered i 
All the indices are asigned in terms 


crystal. 
of the original cubic cell. 
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Fig. 5(a) and (b). Six- and threefold superposi- 
tions of the intensity distribution on a {100} 
plane section of the reciprocal lattice of Au; Zn, 
(a), and AusZn[H], (b), respectively. 
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Fig. 6(a) and (b). Three- and sixfold superposi- 
tions of the intensity distribution on a {100} 
plane section of the reciprocal lattice of AusZn 
[Ri], (a), and AusZn[Rz], (b), respectively. 


(200)eub 


(000) 
Sixfold 
distribution on a {100} plane section of the 
reciprocal lattice of Au;Zns. 


Jatex, He superposition of the intensity 


The characteristic splitting of the superlattice | 


spots in Photo. 1 (a) can be accounted for by 
the intensity distribution of Aus+Zn shown in 
Fig. 5 (a). In Photo. 1 (b), the pattern of 
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Au;;Zn is more clearly observed, though in | 


I 
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jthe same photograph the faint pattern of 
}AusZn[H] is superposed. Photo. 2 (a) shows 
ja diffraction pattern very similar to that of the 
j.one-dimensional anti-phase domain structure of 
(BAg;Mg”, indicating the fact that only the 
‘phase Au;Zn[H] (Fig. 5 (b)) is present. Photo. 


12 (b) can be interpreted as a mixed diffraction 
pattern of the two phases, namely, AusZn{H] 
It is 


jin larger and AusZn[R:] in less amount. 


(b) 


Photo. 1. 
and (b) Au3;Zn+Aus3Zn[{H]. 
cels the latter in amount. 


(b) 
Photo. 2. Electron diffraction patterns of (a) Au3Zn[{H] 


and (b) AugZn{H]+Au3Zn[Rj]. 
cels the latter in amount. 
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Electron diffraction patterns of (a) Aus+Zn 
In (b), the former ex- 


In (b), the former ex- 
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noticed in Photos. 3 (a) and (b) that the distri- 
bution of the c-axis of the ordered phase 
AusZns is unequal along the three directions, 
showing the preferential orientation of the 
c-axis in the direction of the film normal. 
This fact is in contrast to the case of the 
other ordered phases of the present system. 
The intensity distribution from an Au;Zns; 
crystal with such a preferential orientation is 
shown by solid circles in Fig. 7, and dif- 
fraction spots due to the crystals with 
their c-axis lying in the film surface are 
shown by open circles. Taking the above 
fact into account, the diffraction patterns 
in Photos. 3 (a) and (b) are explained as 
the mixing of Au;Zn[Re] and Au;Zns. 

Similarly as in other ordered alloys 
with long period, such as CuAu II, 
CusPd', Au; Mn") etc., satellites flanking 
the direct spot can be observed in all 
the present diffraction patterns, though 
weak in their intensity. In the X-ray 
diffraction pattern, however, the satellite 
spots could hardly be detected around the 
direct spot. 

The structure data obtained by elec- 


tron diffraction are summarized in Table 
IL 
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(a) (b) 
Photo. 3. Electron diffraction patterns of 
Zn[R2]+Au;Zng and (b) AugZn[Rz]+AusZns. 


amount, 


(a) Aus 
In (a), 
the former and in (b), the latter excel the others in 


Photo. 4. X-ray oscillation pattern of Au3;Zn 
from the 19% Zn single crystal and its 
schematic diagram. [00l]cub. is vertical 
and oscillation angle is 30°. sand # repre- 
sent satellite and Kf spots, respectively, 


— 
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Fe mee “a ; Voombayzn) 0b. X-ray Diffraction Study 

a ine </ X-ray diffraction study was carried out i | 
ss eae single crystal samples. Since, unfortunately, ) 

Vi Autss Zi single crystal with the composition range 30 

wee yi to 40% Zn could by no means be prepared 

the ordered phase Au;sZn; was not studied by 

ep X-rays. 

oy none Photo. 4 shows the oscillation pattern of the } 

foo leu crystal of 19% Zn, with the schematic diagram | 


Each superlattice reflexion splits in a charac. - 


teristic group of spots, though some of groups ) 


(010 cub AusZn(H) 


(01 0b Aus, Zn = 


(b) baler < abs 
Photo. 5. X-ray oscillation patterns of Aus+Zn+ « oe 
Au;Zn[H] from the 20% Zn single crystal and 
their schematic diagrams. [101]cub. is vertical 
and oscillation angles are 11° in (a) and 30° in 
(b). (a) (100)cub. and (10])cub. superlattice spots. 


(b) (010)cub. superlattice spots. 


Photo. 7. X-ray oscillation pattern of AusZn[R,]+ 
Au;Zn[R2] from the 24% Zn single crystal. In 
this crystal, the c-axis of the ordered crystal is 
distributed not only in vertical but also in 
horizontal orientation. Oscillation angle is 30°. 


(b) : Photo. 8. X-ray oscillation pattern of Au;Zn[H] 


Photo. 6. X-ray oscillation patterns of (a) Au3Zn from the quenched 2674 Zn single crystal. The 


[Ri] (23.5% Zn crystal) and (b) AugZn[R2] (26% 
Zn crystal). In both, the c-axis of the ordered 
crystal is vertical and oscillation angle is 80°. 
In (b), spots from a slight amount of Au;Zn; are 
also observed. (indicated by arrows.) 


c-axis of the ordered crystal is vertical and 
oscillation angle is 60°. On account of incom- 
plete quenching, transition into Au;Zn[R] has 
slightly taken place. (Very weak spots indicated 
by arrows.) 
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Table I. Structure data obtained by electron diffraction. 
5 | | 7s ie a) ‘Sie oe 
momen Praes a i i eylay | x7 Babes | My** | M,** 
1 Aug,Zn 4.05% 4.05 1.00 4.05 2. On ee eee 
2 Au3,Zn 4.04% 4.06 1.005 4.05 3.0 2.6 
Au;Zn{H] 4.02 4.08 101s 4.04 2.0 
3 | Aus+Zn 4.02% 4.04 1.005 4.03 2.9 2.5 
| Au;Zn{H] 4.02 4.08 1.01; 4.04 2.0 
4 _ Au;Zn[{H] | 4.01 4.12 1.02; 4.05 2.0 
5 Au;Zn[H] a: es 1.02, hran2e0 
| AusZn[Ri] leas (eK 1.04, | 
6 AusZn[Re] | 3.96 | 4,18 1.056 4.03 
Au;Zn; | 3.90 4.21 1.08 4.00 
7 | AusZn[Ro] | 3.95 4.20 1°06, 20SeT Ul 
— AusZng iGiey se. WINtstg ss 1.08; 4.00 


metry of Au3+Zn. 


ook incomplete. Here it must be noted that 
‘he present diffraction pattern can be accounted 
or by the only twofold superposition of the 
single crystal of Aus;Zn unlike the electron 
Hliffraction pattern. In Fig. 8 is shown the cor- 
responding intensity distribution of Aus+Zn. 
§2xamination of the diffraction pattern revealed 
Whe following fact: In Photo. 4, for example, 
Whe superlattice spots (321)-up. consist of four 
spots split crosswise, the vertical pair of spots 


a 
(002)eub 


(200)cub 


(000) 


| Fig. 8. Twofold superposition of the intensity 
distribution in the reciprocal lattice of Aus+Zn. 
Solid and open circles represent the diffraction 
spots from the crystals with the following two 
orientations: in one, c-axis in y, a-axis in & 
direction, and in the other, c-axis in y, a-axis 
in z direction, respectively. 


* Lattice constants of the fundamental face-centered cell. 
** Period of out-of-step or half the reciprocal of ‘‘ Verwerfungsdichte’’, measured in atomic distance. 
M; and Mz; correspond to the ay and ¢, directions, respectively. 
*** Tt was not able to detect the fine structure of the diffraction spots due to an orthorhombic sym 


“eek Tattice constants could not be determined because of lack of the standard pattern. 


being indexed as (1+1/2M,, 3, 2) and (1—1/2M,, 
3, 2) and the horizontal pair as (8+1/2M,, —1, 
2) and (3— 1/2M, —1, 2). In each of the 
pairs the asymmetry in intensity is recognized. 
Generally speaking, a spot at the higher dif- 
fraction angle side, (h+1/2M, k, 1) is always 
stronger than that at the lower angle side, 
(h—1/2Mi, k, 1) and this asymmetry becomes 
more conspicuous with increasing h. A similar 


LE 


By) (002)cub 


(000) 


Auy3Zn  @ 
AusZn4} 0 
Fig. 9. Intensity distribution in the reciprocal 
lattice of the crystal, in which Auj;,Zn and 
Au;Zn{H] coexist. Solid and open circles re- 
present the superlattice spots from Au;+Zn and 
Au;Zn{H], respectively. The former corresponds 
to the sixfold, and the latter to the threefold 
superpositions. 
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asymmetry is also recognized in another set 
of split superlattice spots, (horizontal paris in 
(310)cub. Spots), which are generally indexed 
as (h, k, 1+1/2Ms) and (h, k, 1—1/2Ms). These 
two kinds of asymmetry were previously no- 
ticed by Wilkens and Schubert® in their powder 
diffraction pattern. In addition to the asym- 
metry in intensity, another fact was found in 
our diffraction pattern, that is, the appearance 
of the very weak satellite spots flanking the 
fundamental spots. The satellite spots are 
indicated as ‘‘s’’ in Photo. 4. They can be 
indexed as, for example, (h+1/M,, k, 1) and 
(h—1/M;, k, 1). Both the facts suggest a 
complicated atomic arrangemet in the struc- 
ture of Aus+Zn. 

Coexistence of the two ordered phases Aus; 
Zn and AusZn[{H] is recognized in the diffrac- 
tion patterns of the single crystal of 20% Zn 
shown in Photo. 5 (a) and (b). All spots may 
be classified into two groups as shown in Fig. 
9, each group corresponding to the intensity 
distribution of the constituent ordered phase. 
In this case, the orientation of the ordered 
phase is equally probable in the directions of 
the three axes of the original cubic cell. 

Photos. 6 (a) and (b) show the oscillation pat- 
terns of the single crystals of 23.5 and 26% 
Zn, respectively, and in both crystals the c-axis 
of the ordered crystal lies in the direction of 
the rotation axis, altough weak spots can be 
observed which are reflected from the crystals 
with the c-axis in the direction approximately 
perpendicular to the rotation axis. From 
Photo. 6 (a) the three-dimensional intensity 
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Yee 
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(200). 


(000) 


_Fig. 10. Intensity distribution in the reciprocal 
lattice of AusZn[R;] with single orientation. 
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distribution was directly obtained as shown 1 
Fig. 10, and this corresponds to that of th 
tetragonal phase AusZn[R:] with single oriet 
tation. Although the diffraction pattern mj 
Photo. 6 (b) show apparently a fourfold sym- 
metry about the c-axis, it seems to be reasona4i 
ble to assume an orthorhombic symmetry fem) 
the structure, because spots at the higher 
diffraction angle, not seen in this pattern, 
show diffuse broadening which may be ex4 
pected as a result of formation of an orthe; 
rhombic ordered crystal. Taking this fact into 
account, the intensity distribution is deduced} 
from Photo. 6 (b) and is shown in Fig. 1iy 
which accords with that calculated from the} 
structure of AusZn[R] of Wilkens and Schr 

bert. This structure was specified as Aw 
Zn{R2]. In spite of the resemblance betwee 


(ooo) 


Fig. 11. Intensity distribution in the reciprocal || 
lattice of Au3Zn[R»2] with single orientation. 


(900) 


Fig. 12. Intensity distribution in the reciprocal 
lattice of the ‘‘ true ’’ single crystal of AusZn[H]. 
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Table II. Structure data obtained by X-ray diffraction. 
oOmposi- am A iy 
Heat oF qiba 
tion Phases Pair gre res 28 Vap2e,) eylay 
Bo, treatment | KX) _ (KX) (KX) (ay/by) | ‘4 Me 
8 330° C-100°C ve elt Olea ee Baten OF hc, chor ty 
‘19 OS aay Aus4Zn | a'017) | 4.053 | 4.033 4003) 2 oleitret4 
oc Ce Aten | 4.025 | 4,049 
Ho a4 gc 4.033 1.006 | 2.9 2.4 
| 62 days | AusZn[H] | 3.992 | 4.080 4.022 1.022 2.0 
p 380° heb? GU Mowat Zn | porhhe TO 2 
a 62 days An.Zaltinetsiage at STORK: 108 ot tho 
330° C-100° | | 
1) 23.5 ee C AusZn[Rj] 3.942. .| 4.167-.|'-4.016 . |..1.057 
350° C- 80° | | 
24 ea AEE omajocavoa2 | ator 2) 4.018." 1053 | | 
Moc 330° C-100°C AusZn[R] | 3.938 | 4.143 | 4.005 1.052 | 
days Au;Zn3 3.88 4.15 3.97 S107 
ul 290° C | | 
26 | 6 hrs. AusZn[H] | 2.0 
g quenched ; | 
28 330° C-100°C AusZn[Ro] 3.938 4.147 4.007 | 1.053 
38 days Au;Zn3 3.89 | 4.15 3.97 | 1.07 
q 330° C-100°C AusZn{[Rp] Tamer. c | 
(30 38 days Raza eo duane aut | 
330° C-100°C | 
45 eee AuZn | 3.142 3.142 1.000 


metry of Auz3+Zn. 


> two structures, there is an evidence that 
)2y coexist with a thermodynamic stability 
the intermediate composition, as is indicated 
Photo. 7. Spots on chains lining up vertically 
Wlong alternately to either structure. In 
Gioto. 6 (b), faint spots belonging neither to 


100 200 300 400 
Temperature (°c) 


ig. 13. Specific heat versus temperature curves 
| of 14.9, 18.1 and 21.3% Zn alloys. 


* In this case, the value of c;/by is cited instead of that of cy/ay;. 
** Tt was not able to detect the fine structure of the diffraction spots due to 


an orthorhombic sym- 


**** Lattice constants could not be determined on account of imperfection of the crystal. 


Aus;Zn[R:] nor to [R2] are also observed. These 
spots can be accounted for by the model for 
Au;Zns proposed by Schubert e¢ al. 

Finally, Photo. 8 shows the oscillation pat- 
tern of the high temperature phase Au;Zn[H], 
the specimen being quenched after annealing 
at 290°C for 6 hours. The pattern almost 


46 500 


100 200 5 300 
Temperature (°c) 


Fig. 14. Specific heat versus temperature curves 
of 26.1 and 27.3% Zn Alloys. 
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corresponds to a “‘ true’’ single crystal of the 
ordered phase without superposition of orien- 
tations. The dimension of this crystal is 
estimated to be about 0.5mm. The intensity 
distribution shown in Fig. 12 corresponds to 
a typical one-dimensional anti-phase domain 
structure. 

In Table IJ are summarized the structure 
data from X-ray diffraction. 


c. Specific heat measurement 

Twelve samples were employed to the 
specific heat measurement, their composition 
ranging from 14.9 to 38.4% Zn. Some of the 
measured Cp-T curves are shown in Figs. 13, 
14 and 15. It is possible to interpret these 
curves by taking account of the results of the 
diffraction study. 

Disordering of the phase Au;;Zn is seen as 
an anomalous peak A in both 14.9 and 18.1% 
samples. The transition energy is rather 
small and a fair amount of heat absorption 
remains even after the transition temperature 
has been passed, indicating the persistence 
of short range order. A peak B in 21.3% 
(also in 19.6%), which appears at the same 
temperature, 300°C, for both samples, may be 
considered as due to the reaction, Aus;Zn+ 
Au;Zn[{H]— a(disordered solid solution)+ Aus 
Zn{H], z.e. the peritectoid reaction*. In 26.1 


100 200 300 400 500 


Temperature (°c) 


Specific heat versus temperature curves 
of 29.9, 35.3 and 38.4% Zn alloys. 
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and 27.3%, a very sharp peak C can be 
seen with the latent heat, indicating that 
the order-disorder transition in AusZn is of 
the first order. In 21.3%, peak C due to the 
same transition is recognized, though less 
marked. Persistence of the short range order 
is again recognized in this transition, and the 
tendency is the more prominent, the nearer 
the ideal composition Au:Zn is approached. 
Existence of the two phase region, the ordered 
and disordered phases, could not clearly be: 
detected in the measurements. There appears: 
another smaller peak D in 26.1 and 27.3%, 
which is an evidence of the transition between: 
AusZn[H] and AusZn[R]. That a small energy, 
(about 210 cal./mol. at 27.3%) is associated inj 
this case is consistent with the result of the: 
diffraction study that no marked atomic dil. 
fusion but only slight shift of atoms is ac* 
companied with the present transition. In 
the Cp-T curves of 29.9, 35.3 and 38.4%, a: 
common peak E at about 300°C is interpreted 
as due to the decomposition of Au;Zn; inte: 
Au;Zn{[H]+AuZn (CsCl-type ordered phase), 
which is another peritectoid reaction. The la- 4 
tent heat of the order of about 90—30cal./mol.. 
was observed at 410°C in 29.9 and 35.3% as: 
a sharp peak F, which corresponds to the: 
eutectoid reaction, AusZn{H]+AuZn—> a+ Au 
Zn. A small kink G in 38.4% may be due 
to crossing over the solubility limit of AuZn.. 


Composition at% Zn 


Au3,Zn-—> a 
AusZn{H) —> a 


AusZn{R)— AusZn (H) 
Aus Z5—>Au;Zn{H}tAuZn 


og @0O 


Fig. 16. Changes in configurational energy as- 
sociated with various types of the transitions, 


because the reaction was too slow to be observed, 


@.1960) 


Energy changes associated with each type 
of the transitions are plotted against the alloy 
composition in Fig. 16. 
| §5. Interpretation and Discussion of the 
Experimental Results 


On the basis of the information obtained 
@from the diffraction study as well as from the 
Wcalorimetric measurement, it is possible to con- 
struct the phase diagram of the gold-rich side 
of the gold-zinc alloy system, as is shown in 
‘Fig. 17, in which open circles represent the 
transition temperatures obtained from the 
present measurements, though these tempera- 
i,tures were obtained from the heating experi- 
ments only. It should be noted that the 
‘transition at about 140°C, which was observed 
by Soldau® in his resistometric measurement 
on samples with composition range 31 to 35% 
Zn, could not be detected in the present 
measurements. It seems, however, to be 
‘reasonable to assume the existence of the 
phase boundary at about 140°C shown by the 
dotted horizontal line in Fig. 17 in order to 
account consistently for the results of the 
diffraction study. The phase diagram thus 
constructed is roughly similar to that proposed 
by Wilkens and Schubert*, but a phase boun- 
‘dary between Au;Zn[R:] and AusZn[R2] is 
‘added, and the phase relation at about 20% 
Zn and at 300°C is changed from the eutectoid 
to the peritectoid in the present diagram. 

By the present diffraction study on single 
‘crystals, the proposed structures of the order- 
ed phases in the gold-zinc system were sub- 
stantially confirmed, though the phase AusZns; 


600 


Alse29 — puzniR) AuZn(R:)  A4s2"s 


10 20 40 


30 
Zn at.% —> 
Fig. 17. The phase diagram of the Au-rich side 
of the Au-Zn alloy system concluded from the 
present work. 


Study on the Ordered Phases with Long Perwd in Au-Zn 


1781 


was not fully investigated, because bulk single 
crystals of this phase were not available. 

The asymmetry in intensity of the split 
superlattice spots and the appearance of satel- 
lite spots around the fundamental spots in the 
diffraction pattern of Aus,Zn cannot be derived 
from the simple model of the structure shown 
in Fig. 1. Presumably, the phenomena would 
be accounted for by assuming the presence 
of deviation in atomic arrangement from the 
simple model. Wilkens and Schubert?) tried 
to explain the asymmetry of the spots by 
assuming the presence of the displacements 
of atoms at the anti-phase boundary. An- 
other model is possible according to one of 
the present authors (H.I.), in which the 
non-stoichiometry in the alloy composition of 
Aus;Zn and the variation of lattice spacing 
with maximum spacing at the boundary are 
taken into account: in other words, the mo- 
dulations of both the scattering factor and 
the lattice spacing in the structure are con- 
sidered. By this model, it is possible to 
account for to some extent the intensity 
asymmetry of the split spots and the observed 
intensities of the satellite spots. The detailed 
discussion on this subject will be presented in 
the subsequent paper. 

When the crystal is cooled down from the 
disordered state across the transition tem- 
perature of the order-disorder, one of the three 
axes of the disordered cubic cell may become 
the c-axis of the ordered cell, and this axis 
in the ordered state is generally expected to 
distribute equally along the directions of the 
three axes of the disordered cell. However, 
in some cases, aS was shown in §4, the 
unequal orientation distribution of the ordered 
crystals can be observed. Examination of 
many of the diffraction patterns from the 
ordered phases in the present and other alloy 
systems revealed the following tendencies. In 
thin films, the manifoldly superposed diffrac- 
tion patterns of single crystals of the ordered 
phase are very often observed, indicating that 
each single-crystalline region extends only over 
small volume. On the other hand, in bulk 
crystals, regions with single orientation of the 
ordered phase are so large that, in the case 
of AusZn{H], the diffraction pattern from the 
‘“‘true’’ single crystal can sometimes be ob- 
tained, as is shown in Photo. 8. In the 
nucleation of ordered phases such as Au;sZn3 
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Table II]. Comparison between the theories and the data of calorimetry in various. 


ordered alloys of the A;B type. 


Theories 


Experiments 
AuZn  AuCd AgsMg  CuyPd | CusAu | waite.) Peierls Cowley | 
at. % B atom 26.1 24.4 25.4 24.9 24.9 | 
Tee) 696 685 666 738 664 
AE (cal./mol.) 700 680 | 560 510 | 530 | | 
Q (cal./mol.) 145 110. (6. 150 wears 122 | 
RT,/4E Toe Gente 2, 00 Der 2.87 | 2.49 2.19 | 2.38 2.68 
40/R 0.51 Ra Re te 0.40 0.562 0.46 
RT,/Q 9.6 12. Sraphem idan | TOs 10.07 3.69 6.39 
A = : me ae -| =f |— prea. | 2 an 

Reference [3 6) Exosa2) (LD 2% | eens) | 
Valence electron 1.25 1.25 1.25 0.75 1.00 | | 

concentration 

| 

Period of out-of- 20 20 1.8 then | 

step | 


and CuAu II, in which the c/a ratio of the 
fundamental cell deviates appreciably from 
unity, the preferential distribution of the c-axis 
is observed even in the case of thin films. 
One of the peculiar phenomena in the or- 
dered phase with long period in the present 
system is the occurrence of the phase transition 
between Au;Zn[H] and Au;Zn[R]. AusZn[H] is 
thermally stable only in a definite temperature 
range and transforms by cooling into the room 
temperature modification AusZn[R]. Though 
a few experimental facts have been reported 
on the stability of the phase Au;Zn[{H] by 
previous workers®).?), they could not elucidate 
thoroughly the nature of the transition. Since, 
as was shown in §4, there occurs only slight 
shift of atoms in the transition AusZn[H] @ [R], 
i.e., the transition is martensitic, it is conceiv- 
ed that any rapid cooling cannot quench the 
high temperature phase Au;Zn[H] into room 
temperature. In the present experiment, 
however, the quenching was not always im- 
possible. A specimen, which was annealed 
for a short time at the temperature range of 
[H], e.g. for 6hrs. at 290°C, was incomplete 
in atomic ordering, but yet enough to give 
fairly intense superlattice spots. If this speci- 
men was rapidly cooled by water, it was 
possible to suppress practically the atomic 
movement on passing the transition point of 
[H] 2[R]. The transition A;uZn[H]— [R] may 
thus be dependent on the degree of order, and 
this supposition seems to be consistent with 
the empirical fact that if the composition of 


the alloy deviates from the ideal value (3:1), 
or the third element is added to AusZn, i.e., if 
the development of the perfect order is’ dis- 
turbed by changing the alloy composition, the 
temperature range of the stable existence of 
Au;Zn[{H] becomes lower. 

In Table III are compared the data of calori- | 
metry obtained from the present alloy and | 
other ordered alloys of the A;B type with the © 
theoretical predictions, where 4E, 40 and Q 
represent the configurational energy, entropy © 
just above the transition temperature and the 
latent heat, respectively. All of the ordered 
alloys cited in the Table, except CuzAu, have 
the ordered structure with long period. 
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The energy difference 4H between the superconducting and normal 
states is recalculated as a function of half an energy gap jo, manipulat- 
ing the unrenormalized Hamiltonian of Frohlich by the method of 
Bogoliubov. The result is in disagreement with experiment, in contrast 
to Bogoliubov’s one. Extension to higher orders of perturbation calcu- 
lation does not remove the discrepancy. It is then shown that the 
agreement with experiment is recovered if the theory is reformulated 
on the principle of minimum energy in place of the principle of com- 
pensation of dangerous diagrams. The screened Coulomb repulsions 
between electrons do not change the qualitative aspect of the result. 
No detailed discussion is offered on the electromagnetic properties, but 
it is suggested that a successful theory in predicting a correct 4H-j 


§1. Introduction 
Recently, Bardeen, Cooper and Schrieffer” 
developed a new theory of superconductivity 
and successfully explained many of the pro- 
perties of superconductors. They started 
from the renormalized Hamiltonian of Froh- 
lich?), It is not evident, however, that this 
simplified Hamiltonian reflects all the essen- 
tial features of the original, unrenormalized 
Hamiltonian. Bogoliubov*®), on the other hand, 
advanced another, ingenious method of attack- 
ing the same problem, and stated that he 
could arrive at the same result as Bardeen 
etal. His method can be applied to the un- 
renormalized Hamiltonian, and this isa great 
advantage over the BCS method. It is to be 
noted, however, that Bogoliubov based his 
theory, without giving legitimate justification, 
on an unfamiliar principle of compensation of 
dangerous diagrams. He chose a canonical 
transformation on this principle, merely for 


relation would not necessarily lead to a full understanding of them. 


the reason that the subsequent mathematical 
treatments could be made easiest thereby. 
However, it should be noted that in the pro- 
blem of superconductivity physically different 
solutions are expected for different canonical 
transformations adopted, and that, in conse- 
quence, mathematical convenience cannot be 
a guiding principle to find the best transfor- 
mation from the physical point of view. 

The object of the present work is to show: 

(1) The principle of compensation leads to 
a relation in disagreement with experiment 
between an energy gap 2/ and the difference 
in energy, 4E, between the superconducting 
and normal states. 

(ii) If the principle of minimum energy is 
adopted instead of the principle of compensa- 
tion, then a satisfactory agreement is obtain- 
ed between theory and experiment as regards 
the above-mentioned relation. 

(iii) The screened Coulomb repulsion does 
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$2. Second-Order Perturbation Calculation || 
of the Energy on the Principle of! 
Compensation 


not affect these results. 
No attempt is made to account for the 


electromagnetic properties, but it is suggest- | 
ed that a successful theory in predicting an According to Frohlich” the Hamiltonian of 


energy gap 2/0 and its relation to the energy a system of electrons interacting with phonon | 
difference 4E would not necessarily lead to a_ fields, with the Coulomb interactions omitted, | 


full understanding of them. is written as | 
1 | 
H= 3, (Exo Aur +E o(te)( Bub 5) ite 2.1) 
Hint =(égh/2V ‘ ZS Volo) te avebt C0. (2.2). 
ue pe 


where we employ a nomenclature of common use. The electron-phonon coupling constant ¢ 
is assumed to be small in the sense that 


gNO)<1, (2.3) 


where N(0) is the number of Bloch states of one spin per unit energy per unit volume at 
the Fermi surface. The parameter 2 should be determined by requiring the expectation 
value of S‘kcQyotQne for the state under examination to be equal to N, number of electrons 


in the system. 
Following Bogoliubov we introduce a set of new Fermion operators defined by a canonica! 


transformation 
Akt =UnAyo +VKA—nr1* , Dk | =UKAL~1 —VEA—Ko* , (2.5) 
Un +0P=1; Ue =U-e,  Ue=U-K. (2.6) 


In terms of these variables the Hamiltonian is expressed in the form 


H=U+HM+H’, HW=Hi+HA2+H; , (2.7) 
eae 2(Ex—A)ux? , (2.8) | 
Ho= > (Ee A) one — it (ena Oyo + rest ae) +S o(t0)(Bu*burt 5) f (2.9) | 
M.=%, (Ex—A)UKVE(Apot Art + A_p1ALKo) , (2.10) | 
H2=(ig/2V) (et ; V o(w) {Unde (atgo* e—p/1* + apt Ly1*) 
x + Ui Vi A 1.1 Ly/0 + An A-K0) }Owt +€.C. , Gat) 
A3=(ig/2V) = V ww) Unttn (Alj0t aK! + Api t Ly’) 
geno 
= VEVI AK 41 + Hot Apo) }Dgt +C.C. (2.12) 


When the energy of the lowest eigenstate of this Hamiltonian is formally calculated ac- 
cording to the Goldstone-Hugenholtz perturbation theory.» taking H’ as a perturbation, the 
result is expected to depend on the choice of the transformation. The specific choice , 


m=0, =, &e<C, 
(2.13) 


Uc=1 , Ug ey cr ne 


(€: energy of an electron on the Fermi surface) is assumed to correspond to the normal 
state. Following Bogoliubov, perturbation calculation of the energy is carried out in the 


1960) 


present section to terms in second order in g. 
No dangerous energy denominators arise in 
the perturbation expansion of the normal 
state energy. For an arbitrary choice of uz, 
vi [satisfying the condition (2.6)], however, 
there are in general some diagrams that give 
rise to dangerous denominators. The princi- 
ple of compensation of dangerous diagrams 
states that the superconducting ground state 
corresponds to the special choice of ux, vx for 
which the contributions from such dangerous 
diagrams disappear by mutual compensation. 
In order to secure this compensation, it is 
necessary and sufficient to guarantee the 
mutual compensation of those processes in 
which a pair of quasi-particles with equal 
and opposite momenta is created from the 
vacuum without phonon creation. A diagram 
corresponding to such a process will be call- 
ed a pair-creating diagram. Actually, it suf- 
fices, to second order in g, that the H-pro- 
cess illustrated in Fig. 1 is compensated by 


kO 


Hi 


—kI 


Fig. 1. Pair-creating diagram effected by A. 


Fig. 2. Important pair-creating diagrams in se- 
cond order in g. 


a-;10%0H1|0>— a-410,0H3H)-'H2|0> =0 ’ 
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the sum of the H2H;-processes in Fig. 2. In 
these and all other figures, solid lines direct- 
ed to the left or to the right represent re- 
spectively k0 or k1 particles and broken lines 
are phonons. There are many other diagrams 
which are of second order in g and lead to 
the same process, as some typical examples 
are illustrated in Fig. 3. However, they are 
found to have little effect on the determina- 
tion of ux,’ vx provided that the condition (2.3) 


H3 


Fig. 3. Examples of unimportant pair-creating 
diagrams in second order in g. Particle lines 
may be directed either clockwise or counter- 
clockwise. 


is satisfied. This may be realized if one ex- 
amines the contribution of these diagrams to 
the compensation equation by making use of 
the approximate solution for ux, ve to be ob- 
tained on requiring the mutual compensation 
of diagrams in Figs. 1 and 2. The compen- 
sation of those processes illustrated in Figs. 
1 and 2 requires 


(2.14) 


where |0) is the quasi-particle vacuum state. Making use of the explicit expressions (2.9)-— 


(2.12) gives 


g ORK UK/Vk" 

ne) 2 2 —9)1,2 a ee a oe 

2(Ex— A)UxVn— (Un — Vx") > Vid ther Le 
g2 Onn (Une? — Ve?) (2.15) 

— ye S , ‘ 
UKVE: > ye ple ta loegla Fic, 
where 

Ex=(Ee—4) (ux? — v8") ; Onn =o(k—k’) . eo) 


E; may be interpreted as the energy of a free quasi-particle. Setting 


\q 
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* Lo 2 one (ue? = vw") (2.17) 9 

Ee = Ex 2 a V Opw + Ext Ext ? | 

E— Ex R . (2.18) 
(i) ae ee (2.19) | 


kK V Owe + Bet Ee : 
we can transform (2.15) into the form 
QE xuxVi= (Ux? — Vx) C(R) : (2.20) — 


Besides the trivial solution (2.13), this has another solution: 


m=] els Sacer) |: n=] (2 apices) | (2.21) 


It follows easily that 
UnVe=C(R)/2Y/ CHR) +E? 5 Ux? — VK =Enl / CXR) +E - (2.22) 


Introducing (2.21) into (2.19) and solving the resulting equation 


it oe Okk’ c(k’) 
(R= é = Fee 2.23 
ay) 2, - V one +Ext Ew VCR) +E ’ ( 


we can determine c(k). Going over from summation to integration we have an integral 
equation for c(h) 


1 Onn c(k’) , 
k) =——— | g?- Se eee hel eae 
ate) 2(27)° | On + Ext Ev V ck) +E? 


We shall now attempt to solve this equation approximately. The following facts are taken 
into consideration: (i) c(k) need not be exactly determined for large |&.| because the contri- 
bution of dangerous diagrams to the energy from this region is negligible, and (ii) the main 
contribution to the integral arises from the region |k’|~ko (ko: wave number corresponding 
to &=0). It is to be noted that we may put, in a good approximation, for g?N(0)<1 


A=€; k=kr (kr: wave number corresponding to €). (2.25) 


We shall first carry out the integration with respect to angle variables. We take approxi- 
mately |k|, |k’|~o, and, in consequence, assume 


hsokoy/ 20 —f) ; —tr<t<1, 
On mit ton, 


(2.26) 


On! = | 


so being the velocity of sound and ¢ the cosine of the angle between &k& and k’. For t=—tf) 
we have the maximum value of ws, which may be put equal to the phonon quantum at 
the Debye frequency, giving 


hsoko/ 2(1 +t))=On=kOp . (2.27) 


Using (2.26) we can easily carry out the integrations with respect to angle variables in 
(2.24). The result is found to be represented by 


ease ee) Ch) /2 Jf 
eu) (27)? \z o+ Ex +EeV AR) Ea” ak Cee) 


in a sufficient approximation, employing an average phonon energy 
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wo=(3/5)ROp . (2.29) 


The maximum error arising from this averaging procedure is about one percent in the im- 
portant region Ei+Eiyv<2w. The procedure is equivalent to replacing, from the outset, wx, 
by in (2.23). To solve the integral equation (2.28) one further approximation is made that 
Ex’ in the denominator is replaced by Ey, defined by 


Ex = (Ev —A)(00? — vw) =Ex*/// HR) 4 Ee (2.30) 


Besides a normal state solution c(k)=0, we find a nontrivial solution expressed in the follow 
ing approximate form* 


c(k)=co/(1+ Ex /@) , (223) 


where co is the value of c(k) at Ex=0 and can be found by solving 


an ok. oF oO NEx-) . 
—— \z o+EI/ chk )+En? VcXR) + Bet (2.32) 


NEw) being a kind of density of states defined by N(Ew)=k’2(2n°d&/dk’)-". Since the im- 


_ portant contribution to the above integral arises only from a region |&|<A, it is permissible 


to replace N(&) by the value at &=0, which may be approximately identified with the 
free electron value M(0). Assuming that c~<w, one is able to carry out the integration in 
(2.32) to get 


1=Ax—A (2.33) 
with the abbreviations A=g?N(0); x=I1n (2w/co). From (2.33) 
co=2w exp[—A-!—1]. (2.34) 


The relation (2.33) is the same one as that obtained by Bardeen et al.') and Bogoliubov” 
except for a correction term of order A. The importance of the exact derivation to this 
order becomes apparent in §5. Combination of (2.21), (2.31) and (2.34) fully determines the 
transformation fulfilling the principle of compensation to second order in g. 

We are now able to proceed to the calculation of the energy of the “superconducting 
ground state”, in Bogoliubov’s sense, relative to the normal state energy. In second order 


perturbation theory it reads 
AE. =D(U—<0|H2Ho-'A2|0>) , (2.35) 


where 2 means the subtraction of the normal state value corresponding to (2.13). We have 
omitted not only the contributions from the dangerous ground state diagrams related to the 
pair-creating ones in Figs. 1 and 2, but also the contributions from those related to the 
diagrams in Fig. 3 and like ones, in the same spirit as stated before in discussing the com- 
pensation condition. As has been shown by Bogoliubov, Eq. (2.35) gives 


oe 
== Wek UKVEUKUK! ie Drk/UK VK 


AE-® =D = QE" AViees RELL Ee Bk Vo opp +Eet+ En ’ 


where & —A has been replaced by & (=&,—4) in the first term without loss of accuracy. 


With (2.19) this yields 


Onn Vxr j 
es ins UV & (2.36) 
AE? =D y Q2EKva? 2 c(k)uxvi—D p>» ae doea oe 


ay ith eC: 21) the frst! two inemibers on the jen side Be 


* Inall A opiTeRions of this equations ae may be accent by EH; defined Sy a similar equation as 


(2.30). Moreover, co may be used in place of c(k) in the expression of Ex. 
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(D&B AO FER+ U2) & CW N/ AR + B2) - (2.37) | 


In going over to this we have neglected D >x(1/2)& which is clearly very small. To evaluate 
(2.37), we divide the k-space into two parts, the inner and outer regions of a spherical shell 
\&.|<.P with P appropriately chosen so as to satisfy the condition o<P<o. (Note that we | 
are assuming that co<o.) Putting c(k)=co without loss of accuracy for |&%|<P, we have 


(DS E/E) SY eON/ HE) 


(E,I<P) (lE,1 <P) 
=—N(0)V{PV/c2+ P2—co? In (2P/co) —P? +c? In (2P/co) } 
=—(1/2)NO)co? . (2.38) 


For the outer region we have 


lim ID 3 Ee/VerX(k)+Ee+Al2) Se er(R/crX(k)+&"| 


(P<IE,I<A) (P< EIA) 
< fim 15 Ee*/V/ co? +Ex® + L/2) Bi CoP co? + Eb — D [Eel 
=(1/8).N(0)c0*/P? , (2.39) 


which is neglected compared with the contribution from the first region. =| 

We shall next evaluate the last term in (2.36). Replacing Ei, Ex by Ex, Ex without loss 
of accuracy and making use of the same procedure of angle integrations used for (2.24), we | 
have 


_pys g Onn Un? VK a i VD 7 | (w/4)dEwdEx 
ce V Onw + Ex+ Ew ice pal Jn OF ER 0B) +E + Ee UR) 4 Ee? 


Setting y=&/co, 7’ =Ee/co, B=w/eo, L=A/oo, K= a gis and 0x=(1+K)0é and extending 
the integration to —o, we get 


—lim ANO)V D peas bate ctvoressety C0 OT, Mes tx alt tel Nee’ (2.40) 
E> ojo lta /OY 1+ K)2+7 4 17/0 VO+K)74+7? . 
Integrating first with respect to 7’ with due regard to the inequality 1<é<L, we obtain 
from (2.40)* 


In (28) 


L 
— lim AN(O)VD\" e924 In (L/3) +2 28 
lim AN(O)V |, n (Ll) +550 eye 


— in (1+K)+6In € s +) han (2.41) 
No contribution arises from the first term in the brackets, because the quantity after the 


symbol D becomes independent of co for this term. To evaluate the remaining terms use is 
made of 


L dy r i 

i. Gey sft etn 8), 
L 

| In (1+ K)dy=(L+8) In (L/8)—L-+6—(28)-* In (28) , 
0 

PL 

| In (146:/L)dq=L In (1+ 6/L)+Lx(func. of Li(L+6)|—(L+0)-' in QL) , 
0 


which are valid for 6, LS1. The final result is then 


* The 7’-integration is carried out by dividing it into three parts, (0, 8), (6, oD and (8%, L) and ex- 
panding the integrand in powers of 7'/§ and 7'/d; in the first region, in powers of 6/y' and 7'/d, and 
in powers of 0/7’ and dx/7', respectively, in the second and third regions. 
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2 2 2 
=D 8 Wek UK" VK’ tea 
Py aioe gs al 5: AN(0) Veox . (2.42) 
tli This is exact in the approximation ignoring terms of relative order x-!. 
Combining (2.38) and (2.42) gives 
4E¢ / V=— (1/2) N(0)co2— AxN(0)co? . (2.43) 


The right-hand side with the second term omitted is just that was found by Bogoliubov. It 
is felt that he thought the last term of (2.36) to be negligibly small. We find the contrary; 


if the relation (2.33) is substituted into (2.43), it becomes 


AE~ = —(3/2)N(O)co? . 


(2.44) 


This is three times as large as the value obtained by Bogoliubov. 
We shall next investigate the energy w(k) for an elementary excitation of momentum k. 


In second-order perturbation calculation 


Mk) = Ex—<ks|H"(Ho— Ex)!’ |ks> , 


where |ks>=ayst|0>, s=0, 1. 


(2.45) 


Following Bogoliubov it is easily shown that the minimum ex- 


_ citation energy “ occurs at E;=0 and is given by 


po QUKVE Ss 


8? Onn Un'Vee 


BV ORK’ + Eye 


—=C€0 (2.46) 


Since a pair of quasi-particles should be excited in real excitation phenomena, “0 is to be 


compared with half an observed energy gap. 


Summarizing this section, we can say that, if one calculates the difference in energy 
between the superconducting and normal states in second-order perturbation theory based on 
the principle of compensation, the result is expressed, in terms of half an energy gap /, by 


AE-® =—(3/2)N(O) 0? . 


The earlier result due to Bogoliubov 


AE. = — (1/2) NO) 0? 


seems to have been derived by incorrectly 
disregarding the contribution of the last term 
in (2.36). 


§3. Comparison with Experimental Data 


It is interesting to see what relation exists 
between the energy gap and the difference 
in energy between the superconducting and 
normal states for real superconductors. We 
know a relation 4E/V=—Abv2/8x (Ho: critical 
field at absolute zero) thermodynamically, and 
an expression yn=(2/3)z?k?N(O) for the normal 
specific heat constant (per unit volume) of 
electrons in a metal according to the Som- 
merfeld theory. It is then easy to derive 
the following formula 


AE/V=—«N(O)s00” Bal) 
with a dimensionaless quantity 
=(2/3)(Ho3/n*7nTo’) , (3°2) 


(2.47) 


(2.48) 


where 2 is the energy gap measured in the 
unit of kT¢. 

The theory in the preceding section pre- 
dicts that the value of « calculated from ex- 
perimental data on Ho, Tc, rn and mn should 
be the same constant for all superconductors 
and be equal to 3/2. In Table I the calculat- 
ed values of « are listed for some supercon- 
ductors together with the observed data em- 
ployed to derive them. Note that the semi- 
empirical value of « is nearly equal to 1/2 
for all these cases. This fact suggests that 
the relation (3.1) holds for all superconduc- 
tors with «=1/2, and that there must be 
something wrong in the theoretical treatments 
of the preceding section where « is found to 
be 3/2. Despite the agreement with experi- 
ment, Bogoliubov’s derivation of (2.48) cannot 
be acceptable for the very reason that it was 
only possible by missing an important contri- 


is ] 
‘ i 
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Table I. Semi-empirical values of x, ratio between —AH/V and N(0)uo?, together 
with various experimental data used to derive them. 


| i 


Metal Hy gauss fbis NE | 7m (erg/cm? deg?) x 10-8 N= 2po/k Te K 
Al 106 ip. EAl 1.35%) 3.250 0.60 
Sn 305 BWZ 1.03 3.440 | 0.59 
Pb 805 (60D 1.720 4.12) 0.45 


a) Phillips®, b) Corak and Satterwaite”), c) Horowitz et al.®), d) Biondi and Garfunkel) e) Richards: 


and Tinkham?). 


Fig. 4. Important ground state diagrams in fourth order in g (at the left end) and important 
pair-creating diagrams in the same order constructed therefrom. To each diagram in groups 
I-VII there is a conjugate diagram not shown in the figure. 


'! 1960) 


‘bution to the energy. 


$4. Fourth-Order Perturbation Calculation 
Based on the Principle of Compensa- 
tion 

First of all, we note that the principal con- 
tribution of the second order term in the 
perturbation expansion of 4E in §2 was ex- 
actly cancelled by the principal contribution 
of the zeroth order term. This is easily seen 
if one evaluates separately the two terms in 
the parentheses of (2.37) substituting (2.31) 
for c(k). As a result of this cancellation the 
main part of 4E consists of the next order 
contributions of the zeroth and second order 
terms in the perturbation expansion*. In 
view of these situations we are led to study 
the contribution to 4E from the diagrams of 
fourth order in g, which may possibly be of 
the same order of magnitude as the next 
lowest order contribution from the second 
order diagrams. In this section we shall see 
that this really happens. The fact invalidates 
in principle the calculation of 4E in second- 
order perturbation theory, but it will also be 
shown that the consideration of fourth order 
diagrams does not change the final relation 
between the difference in energy, 4#, and 
half an energy gap “ and, in ccnsequence, 
cannot answer the purpose to avoid the dis- 
-crepancy between theory and experiment dis- 

cussed in the preceding section. 

We have stated that the fourth order term 
“in the perturbation expansion for 4E is an 
order of magnitude smaller than the second 

order term, and, as expected, we find a si- 
milar situation for any two successive order 
terms except for the zeroth and second order 
terms. We are thus justified to restrict our- 
selves to the calculation of 4 to fourth order 
m 2g. 

Before proceeding to the calculation of the 
| energy, it is necessary to extend the princi- 
ple of compensation so as to eliminate the 


ETS So ee ad é 
ae — in an 
= = = == 


a-~a—-,~oH; 10>— a_41040H3Ho-'H2|0> —a_,1:0,0H’ HoH’ HoH’ HoH’ |0>connected = 9 , 
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dangerous diagrams to fourth order in g. We 
need first of all to construct all important 
pair-creating diagrams of fourth order in g 
contributing to the compensation equation. 
They are conveniently constructed from the 
important, connected ground state diagrams 
of fourth order shown at the left end of Fig. 
4. Note that there is a conjugate diagram 
with all arrows reversed to each of the 
ground state diagrams labelled as I-VII. To 
every ground state diagram belong four pair- 
creating diagrams, which are shown in the 
same figure and whose construction from the 
original ground state diagram will be explain- 
ed immediately. Note that every ground 
state diagram has two or three points where 
particles are annihilated. If we modify a 
ground state diagram at one of these points 
in such a manner as illustrated in Fig. 5, 


se 
ae 


_—s ——— 


Fig. 5. Procedures in constructing pair-creating 
diagrams from a ground state diagram. 


then we have one pair-creating diagram for 
each case**. As easily observed, all important 
pair-creating diagrams of fourth order in g 
can be constructed in this way from the ground 
state diagrams in Fig. 4 without duplication. 
We disregard the unimportant pair-creating 
diagrams in fourth order in g which involve 
H,-processes. This conforms to the earlier 
neglect of the second order diagrams such as 
shown in Fig. 3. 

We have now to investigate the contribu- 
tion of the pair-creating diagrams in Fig. 4 
to the last term in the compensation equation 


(4.1) 


which is the extension of (2.14). Making use of the explicit expressions for Hz and Hs, we 
| find that the contributions of all the diagrams belonging to one and the same group are 
always possible to be summed up into the form 


— (ux? — vx) Oi(R) — Une i(k) , 


* Note that we are assu 


geal) sos dL Gra) 


ming an inequality o<w<A. 
** In Fig. 5 we illustrate only the cases where a phonon 1s annihilated, in order to save space, 
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where @,(k) and ¥i(k) are approximately constant for Ex<w and approach zero with Ex ini 
creasing beyond w. Since the expressions both for Q(x) and Yi(k) are complicated and their 
evaluation is tedious, we omit details of them and give only a brief account of the evalua 
tion of @,(k) in the Appendix. An important remark should be made that all 9;(k)’s vanisti 
for the normal state solution (2.13). This is evident at first sight for the diagrams labellec 
as I-IV and VIII-XIII, and can be seen after some reduction for those labelled as V- ve 
The compensation condition to fourth order in g reads now 


2 y Ca ’ 
2(Ex—A)uxvu— (Ux? m{ se Sy aa eae oe, an} 
y kk’ kK k’ @ 


a LZ? Onn (Une? — Vie*) Wilk |=0 (4.33 
want B V on + Ext Ev 23 a Me ' 


If we put 


g Onn (Une? — Ux?” ) eS 
=r ° —» V;(k); p= En Als 
i ~ V one + Ee t+ Ew ~ ®) eats 


g? Wkk/UK/Vk’ | 
k ee Dik) , (4.4i 
e a 7 V our + Evt Be ( ) ‘ 


then we have from (4.3) 
QE UKE = (Ux? — Ux?) c(R) > (4.5) 


which is formally identical with (2.20). The nontrival solution is again 


which keeps both relations in (2.22). From the inspection of the expressions for @:(k), wes 
see that every 9(k) can be assumed in the form ci/(1+Fi/o), ci=const., taking account off 
the fact that the exact Ex-dependence is not essential for Ei/oS1. (See the Appendix.) We 
can then solve Eq. (4.4) approximately by assuming c(k) in the same formas in §2, namely,| 


c(h) =col(1+Ex/o) . (4.7) 


Before proceeding to the determination of co, we shall study the energy of the “ supercon-| 
ducting ground state” measured relative to that of the normal state, and the energy gap, 
both as a function of co. The former is given by 


4 Eo = D(U—<0|HHo-'Hs|0) — 0|H! HoH’ HoH HoH 0 connected) - (4.8) 


The ground state diagrams of importance contributing to the last term in the parentheses are: 
just those shown atthe left end of Fig. 4. Careful examination of the contribution from 
each diagram reveals that it is expressed, to a reasonable approximation, in the form! 
— de UxveDi(k), using the same @.(k) as in (4.3) and (4.4). Application of (4.4) to the follow-} 
ing expanded form of (4.8) 


JEM =D ¥ 2Ewie ye Ok UKVEUK/VK’ 
% a Pain kee + Ee t+ Exe 
ZS Ope UR VE 

34 


V One + Ext Ev 


E wave D Dik) (4.9)) 


gives 


2 2 | 
AE« =D >, 2&evx?—¥. o(k)uxve— D BP __ Onn Wea 
3 2E KE (R)uxve—D > ipod. tae (4.10) 


This is the same equation as that obtained earlier in the second order calculation [Eq. (2.36)].. 
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If one replaces again the density of states N(E«) at &’=0 by the free electron value N(O) 
‘and assumes c(k)<o, then the right-hand side of (4.10) can be manipulated in the same way 
jas before with the result 


I 


4E = —(1/2)NO)co2— Ax N(O)co? , [x =In 2e/ceo)], (4.11) 


which is, of course, identical to (2.43) though a different value ought to be substituted for 
co. As described in the Appendix, the last term in (4.4) arising from the fourth order dia- 
grams is of order c(k)A’x and, in consequence, is smaller than the second order contribution 
by factor A. This means that Eq. (4.4) must lead to the same relation (2.33), which was 
| derived from (2.19), except for the correction term of order A. We have then Ax=1+O(A). 
I With this Eq. (4.11) gives 


AE, = —(3/2)N(O)co? , (4.12) 
We shall now calculate half an energy gap o. As before it is identified with the mini- 
/mum energy required to excite a single quasi-particle from the vacuum. Considering, for 


which is identical with the result of second order calculation, (2.44). 
f 

i example, an excitation of a k0 particle, we have 

| 

f 


to =(k0| A’ Ho A’ |k0> + (k0| A’ Ao’ Ho!’ HoH |’ kO0 connected 5 (4,13) 


; where | |’ means that no intermediate state should be taken equal to |k0>. The second 
order contribution has already been studied and found to equal co. To deal with the second 
term, we need to construct all the important diagrams contributing to it. It is easily seen 
that they have one-to-one correspondence to the pair-creating diagrams in Fig. 4 and are 


k0-line running from the right and ending at the same point. Careful study of the contri- 
bution from each group of such diagrams reveals that it is given by @:(ko). As is shown in 
_the Appendix, @:(ko)~coA. Thus, we can neglect the fourth order contribution to the exci- 
tation energy and get so#=Co as in second order calculation. Thus, from (4.12) we obtain 


AE = —(3/2) NO) M0? « (4.14) 


i This means that the consideration of fourth order diagrams does not change the relation 
_between the energy difference 4E/V and half an energy gap “0 while it may possibly change 
both quantities. We are led then to conclude that the discrepancy between theory and ex- 
periment discussed in § 3 should be attributed not to lack of accuracy in mathematical mani- 
pulations but to some conceptional origin. 

| Both for the sake of completeness and later requirements we shall now express the con- 
| stant co in terms of the interaction parameter A. For this purpose it suffices to evaluate 
! only the main part of 9,(R), linear in co, to the lowest order in A (assuming x~A™'). A 
brief account of this evaluation is found in the Appendix. The result is 


> Dik) = —rcoA2x/(1+ Ex/o); pes al z (4.15) 


“On account of the difficulty in evaluating some of @(k)’s accurately, we have confidence 
only in the order of magnitude of the above value for 7. However, we shall require no ex- 
act knowledge of y to advance further arguments in subsequent sections. 

Substituting (4.15) into (4.4) and solving it for co give 


1=Ax—(14+7)A or c=Mw=2wexp[—A*—(1+7)] . (4.16 


This means that the energy gap 2 is modified by a factor exp[—7] and the difference in 
energy, 4E/V, by a factor exp[—27] if one takes into account the contribution of fourth 


order diagrams. 


x 
_ 
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§5. Reformulation on the Basis of the Principle of Minimum Energy 

In view of the results obtained in the preceding section as well as the considerations irl 
Introduction, we are led to doubt the validity of the principle of compensation of dangerous’ 
diagrams due to Bogoliubov. Consequently, we attempt in this section to reformulate the( 
theory on the basis of another, more legitimate principle, namely, the principle of minimum 


energy. 
We shall start from the transformed Hamiltonian (2.7)-(2.12). Put 


TOR OOM AM DELS ORES) 6.1) 


and assume ws and ve in the form 


where c(k) is a function to be determined on a variational principle. The results obtained 
in preceding sections suggest that the electron-phonon interaction affects less effectively those 
electronic states which are at distances more than w apart from the Fermi surface, and alse 
that one may assume Eq. (4.7) for c(k) in (5.2). Thus, we put 


c(h) =c0/(1+ Exo) 6.3) 


with co now considered as a variational parameter. 
The parameter co will now be determined by minimizing the energy of the lowest state 
calculated on perturbation theory taking H’ asa perturbation. It is assumed that 


ao<o, (6.4) 
g?N(O) In (2w/cer)=Ax=1+O0(A) . 6.55) 


choice. A mathematical difficulty arises, of course, in connection with the dangerous dia-| 
grams, which are generally not compensated in the present treatment. We believe on physi4/ 
cal grounds that the dangerous diagrams would provide us with a finite result if their con-/ 
tributions could be collected in an appropriate way. We expect further that the solution ux, 
vx satisfying the principle of minimum energy is not largely distinct from that satisfying th / 
principle of compensation so that the contribution of dangerous diagrams is small enough taj 
be dropped from the energy to be minimized. We assume it for a while, but some discus;| 
sion on this point will be presented in the next section. 

The energy of the lowest state corresponding to any set of uw, vx which is defined by (5.2) 
and (5.3) with co satisfying (5.4) and (5.5), can be expressed in the same form as that ob-! 
tained in the preceding section, namely, by Eq. (4.9), provided all dangerous diagrams are: 
disregarded as assumed above. In applying this equation to the present case, however, xj) 
and Ex are, of course, differently defined, namely, by (6.1). Suggested by the inspection of i 
this expression, we can reach the following general aspect of perturbation expansion of 4E/V.} 
It is naturally a power series of A beginning with a constant term. The coefficient of anw, 
order term can be expressed by a double series expanded in powers of (co/w)? and oh 
[=In (2w/co)]. If one is interested only in terms linear in co?, assuming co<o, then he doess 
not meet with any higher powers of x than the second because x is always accompanied by, 
factor co. This enables us to disregard diagrams contributing to the energy in sixth on) 
higher order in g on assuming Ax~1. We have thus 


AE|V=N()co%(x—Ax*+a+BAx+7A%x?+0(A)} , 6.6) 


where a, 8 and y are numerical coefficients of order 1. The numerical coefficients in the 
first and second terms, 1 and —1 respectively, are easily found by evaluating the first twcl 
terms of (4.9) in a crude way. The values to be assigned to a, 8 and y may be obtainek 
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by manipulating the right-hand side of the same equation accurately. We shall leave for a 
| moment these three coefficients undetermined for a reason which becomes apparent later. 
On minimizing 4E/V with respect to co we find 


Ax=1+(a+B+r4+1/2)A , (5.7) 


‘| which is reliable to the term of order A. It is easy to see that the value of co correspond- 


ing to (5.7) really affords the minimum (not the maximum) energy. If it is denoted by @, 
Eq. (5.7) gives 


Co=2o In[—A-—(a+8+7+4+1/2)] . (5.8) 


It is to be noted that the final results, (5.7) and (5.8), are fully consistent with the initially 
made assumptions, (5.4) and (5.5), provided that A is fairly smaller than land a+@+7+1/2 
. is not a large negative number. Actual evaluation of a, 8 and 7 will show that the latter 
condition is really satisfied, as we see later. 

Introduction of (5.7) in (5.6) gives the energy of the superconducting ground state measur- 
ed relative to that of the normal state: 


AEm/ V=NO)e°{ A +(@+8+74+1/2)+a—A[1+(@a+6+7+1/2)AP 
TBI +(@+b+7 + 12)Altrlt+@+B+r+ 1/2) Ay} 
=—(1/2)N(O)e0? . (6.9) 


Terms of relative order A should not be retained in the final result because it would be un- 
reliable unless terms of order N(0)co?A were included in the initial equation (5.6). It is 
_ rather surprising that the final result does not explicitly depend on a, 8 and ;. 

_ We shal] next investigate half an energy gap “. It is calculated in quite a similar way 
' as in the theory based on the principle of compensation as long as all dangerous diagrams 
_ are disregarded, giving™* 


Lo = 2UKVE y (2?/V uve /A+Ex/o) . (5.10) 
| With (5.1), (5.2), (5.3) and (5.5) this yields Zo=GAX=Co. Combining this with (5.9) we have 
AE m/ V=—(1/2)N(O) Ao? , (AM 


| which is a result in satisfactory agreement with experiment (c.f. §3). We have thus con- 
firmed that the discrepancy between theory and experiment, which was found in the theory 
| based on the principle of compensation, can completely be removed by reformulating theory 
on the principle of minimum energy. Furthermore, it should be emphasized that the final 
~ result (5.11) can be obtained with any arbitrary values assigned to a, 8 and 7 as long as an 
_ inequality a+8+7+1/2>—1 is fulfilled. We have left so far the above three numerical 
_ factors undetermined to find this situation most easily. 

We shall now show that the superconducting ground state arrived at in the present section 
has really a lower energy than the “ ground state ” obtained earlier on the principle of com- 
pensation. To do so, we need the actual values for a, 8 and y. They are obtained by eva- 
luating the right-hand side of (4.9) employing (5.1), (6.2) and (5.3). Actual calculations are as 


follows. 
D ¥, 26 =—NO)V lim ||" Ml AD +EedE |" leeldeh 


=2N(0)V Him | "Ee. —Evl/ cr) + BE 


* Quantities fixed on the principle of minimum energy will be denoted by barred letters, 
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=NO)V lim {a—2l" £2/V/ cr LEB lov cbt Eo) Ee dbx 


-2l" Ee] Veo +E Tov oo Ee * +E dé} 
=N(0) V lim [A —or/eF oF te" in Quen) —(— tn 2) — A+ et 
AK->>0 ; y 
1 2 
=F (in 2—— Jer | | 
= N(0) Veo%(x—3/2) , (5.123 


2? Onn UKVEURVEE 
ER V On + het Ev} 


=— mover tim tim ("| (1/(0 tardies ar atieces)) 


«(1 sateen th o/ ae yt 


déwdEx 
V7 CUR) +E CR) +E 
1 
=—g? N(0) Veo? lim |" 
(1 a ae se) V co? +E +&2 


X {in (2co/0) =e ett be In (2 +tes) fae 


=—g?N(0) Veo*{In (2@/co) [In (2@/co) —1] —In (2e/co) } 
= NO) Cia 2 (5.13))) 


Reduction of the last two terms in (4.9) is carried out in exactly the same way as described | 
before (in §2 and in the Appendix), giving 


2 2 2 | 
_ py £2 _emcunne® ng Vor | 
a V on + Ext Ev (O)Veol Ax (5.14) ) 


yo UnVe D1 Oi(k) =r NO) Veo? A2x? . (5.15) }} 
Substitution of the above results in (4.9) yields 
4E/V=N(0)co?(x—3/2—Ax?+ Ax+7 A2x?) , 
showing that the three numerical coefficients in (5.6) are as follows: 
a=—3/2, pap (5.16) || 
and y is identical with y used in §4 to express 51; O:(k). Note that 
a+B+7+1/2=7; lrlI<1 (c.f. Appendix), (5.17) | 


which satisfies the earlier requirements that a+f8+7+1/2 should not be a large negative | 
number. | 
By use of these values Eqs. (5.7) and (5.8) are found to become 


Ax=1+7A, (5.18) | 
Co=/o =2m exp[— A!—7] . (5.19) 


Comparing (5.19) with (4.16) we see that the energy gap derived here on the principle of 
minimum energy is e times larger than that obtained in the theory based on the principle 
of compensation. Comparison of the energy difference reads 4En/4E:=e?/3. This means 
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that the energy of the superconducting ground state defined here, measured relative to that 
of the normal state, is about 2.5 times lower than that of the earlier “ superconducting 
ground state” defined on the principle of compensation. 


$6. Discussion of the Contribution of Dangerous Diagrams 


In the preceding section a very reasonable result has been obtained by reformulating the 
theory on the principle of minimum energy. However, the arguments advanced there can 
be justified only when the contributions from the dangerous diagrams can be collected by an 
appropriate mathematical device to give a finite and sufficiently small amount. Although 
i! we have not yet found any device to collect these contributions, some discussion will be 
given to suggest that they are really of little importance, at least, in the present procedure 
_ assuming c(k) in the form (5.3). 

In the first place it will be shown that we can find a state which lies very close to the 
“ground state” reached in the preceding section and whose energy can be calculated without 
suffering from the difficulty due to vanishing denominators to give the same energy and 
energy gap as those given by (5.11) and (5.19). 

Consider a state which corresponds to assuming c(k) slightly different from (5.3), namely, 
in the form 


SS A ET 


(k AS vinta eects ; lEx| <Co , 
“es — 

€o/A1+Ex/o) , |Ex| >Co . 
It is then easy to show that the principle of compensation of dangerous diagrams is fulfilled 


in the region |&|<¢o. In fact, the right-hand side of the compensation equation (4.4) can be 
reduced, within the approximations keeping terms to relative order A, to the form 


(6.1) 


—_(Ax— A—y A*x) = 


es Sine a ear (AX A (6.2) 
1+E2/oV c(h) +E? Bs hit) 


CO een 
1+&2/oV ck) +&2 
in the present choice of c(R). Applying Eq. 


(5.18) which holds as well with c(k) given by 
6.1), we have from. 6.2) eR RAS. 
a ee 2nd order 4th order 
Co(1— A) (1+ Elo cB) +E) » = 


which is just equal to the left-hand side of Cas 
= 


(4.3) when |E%|<¢o. Then, the so-called danger- eee 
ous diagrams are no longer dangerous; they ; orders 
are compensated in the region |&|<¢o and an 

_ do not bring forth difficulties in the region 

| |\&|>Co. Their contribution to the energy, Ge 
AE, is finite and can be estimated to be 

negligible in the following way. 6th order 

In Fig. 6 some lower order dangerous gies Fig. 6. Typical dangerous diagrams. Every 

grams contributing to the energy are shown. Porere re averenre sont ontiheck dy Roiarholcon 
The vertex represents either Hi or the com- Rinedtaction of i. andi (Pwo alteraative 
bined action H2Hs illustrated in Fig. 2 (or labellings are allowed for each diagram (except 
the reverse). The contribution from these for the first one). 


diagrams may be expressed in the form 


Ly, (c)=b@P 1 sy [c(k)—bi(R)]? [ce = b2(k) |? 
ee Wer PE 2 RAP PEE AE? 
1, [e()—d)F (ch) —be(R)}* (Lee) — balk)? , [ee)—bs(k) hha (6.3) 
9 “EV G+ Ee Ae | AE AE? 


where the summation is limited to the region |&%|>co and the successive terms correspond 
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to the successive groups of diagrams in Fig. 6. The quantity denoted by b»(k) is introduc-} 
ed by the H2Hs-process (or the reverse) and expressed in the form 


ie nk Uk’ VkE ie 

b(h)= 2 Ft On DE Ey Lae” | 

where Vin(k) is of the same form as 9k) introduced in §4 except that all energy denomi-4 
nators are increased by the same amount 2(7—1)Ex. Note that it 


b(k)=Go(1— A)/(1 + Ex/o)=c(R)(1— A) , Eel >on GM 


Considering that the summation is carried out only in the region |E«|>Co., we can expect the) 
major contribution in (6.3) to arise from the first term. By use of (6.5) this is easily evalu-¥ 
ated to give 


— A*N(0)Ce2x ~— AN(0)C0? . (6.6) 


There are many other complicated types of dangerous diagrams (which are of course not# 
dangerous now) contributing to the energy, but it is possible to show that the sum of their 
contributions is small compared to that arising from the above-mentioned simplest diagrams. , 

The change in the originally non-dangerous part of energy, brought about by the modifi-} 
cation of wx, ve under consideration, arises mainly from the first two terms on the right-. 
hand side of (4.9). In the approximations keeping only terms to relative order A, these: 
terms give rise respectively to a change 


—ANO)Oo{2InG/2+)-Y2} and —ANO)H{—-21IngG/24+)4+Y 2}, 


resulting in a vanishing sum. Thus, we have found that the non-dangerous part of energy 
of the new state introduced by the modification (6.1) differs from the value obtained for | 
the original state in the preceding section [(5.9) with (5.19)] at most in terms of relative | 
order A*. In comparison with this part, the contribution of dangerous diagrams in (6.6) can 
be neglected. Since it is quite evident that half an energy gap so is again equal to @ given | 
in (5.19), we have reached all the final results in the preceding section without suffering 
from dangerous diagrams in the present case. 

From these considerations it can be seen that the procedure advanced in the preceding 
section is practically equivalent to the following one. Let us asseme c(k) in the form 


c(k)=co(k)/(1+ Ex/o) , 


cot=fn ile aber 6.7) | 
0» k|7Co , | 


instead of (5.3). Then, for any choice of co (Xo), the contribution to the energy from dan- | 


gerous diagrams vanishes by mutual compensation for k such that |E:|<co and becomes | 
negligibly small for k such that |&|>co if p is chosen so as to satisfy 


Ax=1rU+r—p)A; 9% = In Cole) (6.8) 


This is easily verified in quite the same way as in the earlier case dealing with (6.1). To 
determine the best value of co, the variational procedure can be carried through in the same 
way as in the preceding section, neglecting dangerous diagrams with full justification in the 
present case as explained above. If we note that the perturbation series for the energy is 
the same as before in the approximation neglecting terms of order AN(O)co2, it is easy to 
get the earlier result (5.18) and (5.19) [co=¢o; Ax=1+7A], and, hence, p=1 from (6.8) in 
agreement with (6.1). It may be said that we have chosen the best transformation among 
those which do not give rise to vanishing denominators in perturbation series. 

In spite of the success of the present procedure in predicting the correct 4E—/n relation, 
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} It seems necessary to make the following remark: It is open to question that the transfor- 


mation to give the true ground state needs to meet the above requirements of mathematical 
convenience. 


§7. Effect of the Screened Coulomb Repulsion 


So far, we have ignored entirely the effect of the Coulomb repulsion between electrons. 
A rigorous treatment of this repulsion is a difficult problem, and so we investigate here the 
.| effect of a model repulsion in the form such as considered by Abrikosov et al.‘ 

A repulsive interaction may generally be written in the form 
Vy" ay 2 Wk, UU, Kk ayo pt ay parc} Wht A hE. (7.1) 
Hiiect tg ates 
. a this term to the earlier Hamiltonian (2.1) and applying the Bogoliubov transformation, 
we have* 


| A=U+H4+H ’ H’=H,+H2+H3+ HA; ’ (eZ) 
it where 


ae (2Exvx? — V-vn? > hygrdie? + VUE >) lynrtxeVr) , (3) 
; ei 


i= py {Ex(un? = Vx?) an VV uxvr SS VA Un Vet (Apo Ao + Q@—p1t+QA_41) 
F iv 


ss o(te)( Drew +>) (7.4) 
leh = > {2Ecucvie+ V~"(u? — v4?) > Vane tx’ Vx }(QLj0* Ac— p1+ + AL—41 ALK) (ed) 
with the abbreviations 
epee — A+ V »y Nay vn , 
hiv=hk, —K’, —Kk’, k)+h(k, k’, k’, k)—h(k, k’, k, k’), (7.6) 


lyw=hk, —k, —k’, heey 


- H>» and H; stand for the same expressions as given in (2.11) and (2.12), and Hs is a sum of 
terms expressed in products of four creation and destruction operators, arising from the 
_ repulsive interaction term. It is to be noted that Hs is non-diagonal and can be disregarded 
in the calculation of the ground state and singly excited state energies to the present ap- 
proximation. As a model of the screened Coulomb repulsion, Abrikosov et al. considered 


the following case 


{i (a positive constant), [Exl, |Exl<@e, (7.7) 


Dome et h ki 6 
otherwise, 


») 


where w. is assumed to be much larger than w (average phonon energy) taking account of 
the fact that the Coulomb repulsion in metals is screened at very short distances compar- 
able to the lattice spacing. Furthermore, we assume a weak repulsion, that is, 


ENO SB). (7.8) 


Taking account of the difference in force range of the two kinds of interactions, we put 


«(ZO +yaeme)! > ole vase) se 


* See Beliaev’s article in reference!?). 
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assuming 
co/(1+ &,2/@V/ Co? + &,2)+ Clas |Ex|<@e, 
Co/(1+ &2/0V Co2+ Ex”) , |Ex| >ae, 


i} 
c(h)= | (7.10) 
where co and ci are independent parameters which are to be determined variationally on the 


principle of minimum energy. 
Proceeding in exactly the same way as in §4, we have the energy difference in the follow-, 


ing form 
4E=D = 2Exve? — V-! p> hvg?vn? + age hurVeuteVee 
k ; , ‘ , 


2 WK URVEUKVE? 2? Opn UieVE? i 
‘Sa Fit ae ee WEA: 
ERE V op tExtEv bk V Om +Ext Ey ~ si * A) ts (7.11) 


where Ex =&x(ux?—vx?)—2 V-'uve diner huxver. The last term in the brackets which arises from 
the diagrams in fourth order in g has the same expression as the corresponding one in (4.9).. 
Substitution of (7.9) with (7.10) for mw: and vx shows that the second term in the brackets has: 
a negligible contribution and the other contributions are as follows: 


We i ; 1)2 2D—(e ales Co? ] | 
D & 2wt=NOV | (rter)'xto#D-(ortea) + on ty (7.12) 


V-*S huveuwoe =NO)VBox +ery)* , (7.13) 
Ck’ 


a eo Ok UKVEUK/VK __ Dede } 
p>? ee =N(0)V A{(co+¢1)?x?—2c0(co+c1)x} , (7.14) 


Z? ORR MUR VK? 
D : =N(0)VA 2 ‘ 
Che V op + het Ev (0) (Cores ; (7.15) if 


3 mre & O(8)=—NO)V7 AX +e1)%x* , (7.16) | 


where 
x==lIn [20/(o+c1)], y=In [2@-/(co+¢1)], D=y—x=In (a-/) 


and 7 in (7.16) is the same numerical factor as in (4.15). By use of these results we have | 
from (7.11) | 


4E/V=N(O)(cot+e1)2 e+ a( - ay, ie Axe +8( ; a \ax trate 
0 1 ores 


+N(0)e?D+N(0)B(cox+coy)? , (7.17) 
where | 

a(r)=—(1/2+7?); B(r)=2r-1. (7.18) 
Comparison of this equation with the earlier one (5.6) shows that we have two additional 
terms other than all corresponding to those in the latter equation. 

We shall now minimize 4E/V by taking independent variations with respect to co and «4. | 
From d4E/éco=04E/dc:=0 it follows, neglecting small quantities, | 
(co+¢1)x—(1/2)(co+c1) + (Co +¢e1)&@+(1/2)cra’ —(co+01)Ax?+(coter)Ax \ 

t+ (Cot+¢1)BAX+(1/2)B’c1 Ax+7(co+c1) A2x? + Bix—1)(cox+cry)=0 , (7.19) | 


(co + ¢1)x—(1/2)(Co-+¢1) +(Co+c1)a—(1/2)coa’ — (coterNAx?+(cote:)Ax 
+(cot+e:)BAx—(1/2)R’coAx+7(co +¢1)A?x? + Bly—W(coxt+ery)=0 , (7.20) | 


The difference gives 
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\ 


AH 


Cit Blooxt+e1y)=(cot+e1)S/D , (21) 
where 


S=(1/2)(a’ + Ax’) (7.22) 


kt which is a quantity of order 1. Introducing (7.21) into (7.19) gives 


Ax=1—c1/(co+¢:)+S/D , (7.23) 


where we have neglected terms of order A. The energy difference corresponding to the 
minimum condition, 4Em/V, can be obtained, by combining (7.16) and (7.19), in the form 


1 abe ber 
AEn|V=N(0co-+c ae. 205 
/ (0)(co +1) 9 Ne) ake re seer 
B 1 Cox+c1y LB eee 
3 ) Cote =] (Co+c1)? 28) 
i By use of (7.21), (7.22) and (7.23) this equation can be reduced to 
AEm/V =—(1/2)N(0)(Go +61)? , (7.25) 


| where the letters ¢ and ¢; are used to show that they are now fixed values corresponding 
| to the minimum energy. 


The excitation energy for a particle ks is given (neglecting higher order effects) by 


Uk) = Ex—2ucvre > hie vie —<ks\|H’(Ho— Ex) |ks> . 


Putting E.—0 gives half an energy gap 


/40 ae BGox+ C1) iF A(Co +61)x 
=(G +0:){6s/(Co+ 1) —S/D+ Ax}=O+e: (7.26) 


Combining this result with (7.25) yields 


AEm/ V =—(1/2)NO)f0? , (7.27) 


which is exactly the same equation that has been obtained earlier and found to agree with 


. experiment. 


In order to study the effect of the repulsion on the energy gap, we need to find the actual 
value of G@+é: as a function of interaction parameters A and B. For this purpose, we first 


transform Eq. (7.19), using (7.22), into the following form 


: Ceeoy ARAL jon ah Gey os, eae (7.28) 
Axs=1+B aay | As AX aa BAX ae ! Cotes 


} Making use of (7.21) and the following relation to be derived therefrom 


@:/(G@ +01) = —Bz/(1+BD)+S/DA+BD) , 


we ea reduce Eq. (7.28) further to the form 


Cereal (elie, teen Sit! Sets Oe ie (7.29) 
apres =) ae EEE, 1+BD 


In the first approximation, we have Ax=1+Bx/(1+ BD), which, introducing an effective 


- interaction parameter 


A’ = A—B/1+ BD) , (7.30) 


can be written as 
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Employing the approximate relation (7.31) to estimate the last term and assuming thatt 
D=1n(o./)>1, we have finally from (7.29) 


asaitla(4)+ 6a )attant of4 (7.32), 


A’ A Ag 2 


where an approximate relation @/(@+é:)=1+Bx/1+BD)=Ax=A/A’ has been used to trans: 
form the last term. From (7.32) we get 


ier Dix! Ae A Ns We nha 2s re 
ty +01= Tv =20 exp| WU eae sedec wens: a 


8), exp ye eer (7.33) 


where the last equality is effected by the definition (7.18). The last expression in (7.33)\f 
coincides with the right-hand side of the earlier equation (5.19) when A’=A, and in generai 
cases such that A’<A<1 the former is always smaller, indicating that the repulsive inter-. 
action diminishes the energy gap. Comparison of the above result with (5.19) shows further ' 
that the major effect of the repulsive interaction on the energy gap and the energy difference | 
between the superconducting and normal states can be taken into account by changing the: 
interaction parameter in the old equation into A’ given by (7.30). This was the conclusion | 
reached by Abrikosov et al. dealing with the renormalized Frohlich Hamiltonian in a rough | 
way by Bogoliubov’s method. As was pointed out by these authors and can be seen from | 
(7.30), the repulsive interaction is less effective on account of a large difference in force | 
ranges [D> 1]. 

Finally, we shall give, for comparison, some results to be obtained when the same pro- : 
blem is treated on the principle of compensation. We need again to introduce two constants, | 
co and c, to express 4E/V and yo. They are found to be given by 


AE] V=—(O/2--A/A NOK ce+ ex); fo=Cotc , (7.34) 
thus yielding 
AE./ V=—(1/2+ A/A’)N(O0)¢00? , (7.35) | 


where A’ is the same quantity as that used in the preceding case and defined by (7.30). | 
We can find for the minimum excitation energy : 


il 2 
40 =Co+¢C1=2 exp eee +74, | : (7.36) 
Note that the ratio of 4E./V to N(0)zo? is no longer independent of the interaction para- | 
meters. The fact that 1/2+A/A’>3/2 indicates that the deviation from the semi-empirical | 
law is even larger in the presence of a repulsive interaction. 
To compare the energy difference between the superconducting and normal states calculat- | 
ed on different principles, we consider the ratio 4Em/4E.=exp [2(A/A’)|/[1+2(A/A’)], which | 
is always larger than e?/3 when A/A’>1, indicating that the ground state reached on the | 
principle of minimum energy has really a much lower energy than the one presumed on the | 
principle of compensation. | 


§8. Concluding Remarks | 


We have been suspiscious of Bogoliubov’s idea that the perturbation treatment based on © 
the principle of compensation of dangerous diagrams provides the superconducting ground 
state of the electron-phonon system. Recalculation of the ground state energy, 4E/V, and 
the energy gap, 2/0, shows indeed the invalidity of this principle in predicting a svat 
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| established semi-empirical relation. A satisfactory agreement between theory and experi- 
iy ment is obtained if the theory is reformulated on the principle of minimum energy. 

It is found that the difference in energy between the superconducting and normal states is 
always given correctly as a function of an energy gap if we have lowest order terms of the 
| form N(0)co?x and —N(0)co2Ax? in the energy expansion such as (5.6) and if the parameter co 
| is determined on the principle of minimum energy. Note that the next order terms of 
| order N(0)co? have no importance to the derivation of the final result [Eq. (5.9)], in spite of 
| the fact that 4En/V is just of this order of magnitude. We believe that this is the reason 
| for the success of the BCS theory in which both the model and the mathematical treatment 
| Were much simplified but nevertheless both quoted terms were found in the expression of 
the energy. 

In connection to this fact, an important remark should be made. First of all note that 
the lowest order terms just mentioned are quite insensitive to change in the form of c(&) 
within a very narrow region for k surrounding the Fermi surface (e.g., in |Exl<co). Note 
further that in the present theory we have assumed c(k) to be nearly constant for k such that 
| l&l<co in order to circumvent the mathematical difficulty due to vanishing denominators. 
_ From these facts, we see that, although we have reached a correct relation between 4E and 
| do, this does not necessarily mean the validity of the obtained distribution function wx, vs in 
|} the immediate vicinity of the Fermi surface. On the other hand, it is evident that some of 
_ the electromagnetic properties (e.g., a non-vanishing Knight shift or low frequency Fourier 
components of current) may be closely connected to the behaviour of quasi-particles in this 
narrow region*. Thus, it may be concluded that a successful theory in predicting a correct 
4E—y relation would not necessarily lead to a full understanding of the electromagnetic 
properties of superconductors. 


Appendix 


The contributions to the equation of compensation (4.1) from the pair-creating diagrams in 
fourth order in g (shown in Fig. 4) are found to be collected for each group into the form 


—(ux?—vi2)Di(k)—uUxvel (R) , (A.1) 


where the index i discriminates the group ({=I-XIII) and both 9,(k) and ¥i(z) are functions of 
k? expressed in a complicated form. Careful examination of the expressions for Oi(k)’s shows 
that all (k)’s vanish for the normal state solution, resulting in the vanishing total expres- 
sion (A.1). Since we have no space to write down all the explicit expressions for @,(k)’s and 
W(k)’s and to describe the procedures of their evaluation, we shall only present approximate 
expressions and evaluations of 9:(k) in some typical cases. 

First of all we have approximately** 


1 a wn ee O 1k’ a ORK! | 
O(k)= ( ov) Py Orne WV (Diy 2E\ Dane + Dix) Div? | (Dy + 2E)( Daw + De) Dern 


ORK U"O”" Wk’ Ok’ |} (A 2) 
; . 
Dre? | Dyze+ Dan’ Die’ + Der’ 


% ‘Note that if one modifies the distribution function in this region in such a way that it tends to 
the normal one (wxvg=0) when the Fermi surface is approached, then the excitation energy vanishes 
for a quasi-particle on the Fermi surface although the value of >ix'(g?/ V)uxvu7/A+ Ex/m) remains al- 
most unchanged. [c.f. (5.10).] 

** Eqs. (A.2) and (A.3), and (A.7) below are obtained from the exact expressions after some reduc- 
tion taking the best advantage of the fact that c(k)<w<A. We need only to retain the main part of 
We can further omit all terms linear in ux?—vx” provided that they have either 
or involving Ex, because in this case the important region 
in a close vicinity of the Fermi surface, where the density 
he condition ¢, w<A), and the quanti- 


the term linear in ¢. 
a product wx-vx as a factor or a denominat 
for the summation over k’ is limited to k’ 
of states k/2/(2n2déx/dk’) is approximately constant (according to t 
ty un?—ve? is an odd function of éx:. 
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Wkk’’ 


pbinf BPaye on an “ye ; 
Duth)= er ee \° 0 ee 


ab , roe 5 ’ ORK’ " | Ls 
Dyin’? + 2E)( Daw + Dreier — 2E) Dye 1 


- ORK’ U"U” | OWkk’ Rs ORK | (A.3) . | 
Dr? Dre + Dre —2E Den + Dyn —2E” d 4 


where the suffix k, k’, --- are suppressed for clarity (except for wxx, Dee, +++) and Drv =orn ) 
+E.+Ev, etc. It is convenient to evaluate 0(k)+@n(k) instead of evaluating 9(k) and On(k)P 
separately. The evaluation is rather straightforward if one goes over from summation to! 
integration and replaces all phonon energies by the average value [=(3/5)k@p] introduced : 
in §2, giving 


Ox(k) + Ou(k)=—2.—In 2)e.A2x/(1+Ela) « (A.4) | 

Evaluation of ®i1(R) and ®,y(k) can be carried out similarly with the result 
Oin(k)=—(2 In 2)eo A2x/1+E/a) , (A.5) 
Diy(Rk) =(1/2)e0 A*x/(1+ E/o) . (A.6) 


These results are not very accurate for E>, but this fact does not affect any final result 
obtained in the text. 

Straightfoward evaluation of Oy(k)—@xin(k) is a difficult problem, since in these cases we 
encounter summations over three momenta which are not independent but are connected by 
the momentum conservation law. We devise a shortcut means of evaluating them at the 
sacrifice of accuracy. The actual procedure will be described taking ®yin(k) as a typical | 
example. We have to evaluate 


ae ) ; Onn UV | 1 1 
Ovi (k) =| -— ae 5 5 A.7 
VIIA, ( dag Ee E+E/+E’ +E (Diya +2E) Drew (Dyn +2E) Dyer ( ) 


where the prime over the summation symbol indicates that the momentum conservation 
k’—k=k’’’—k” should be satisfied. Since we need not an accurate result for E>, we can 
drop 2E from the second denominators. We can also omit E’ from the first denominator 
because we have a factor w’v’ in the numerator. Furthermore, E’, E’’ and E’”’ can be 
replaced by |&’|, |&’’| and |E’’’|, respectively, in all denominators without loss of accuracy. 
We introduce polar coordinates k’, 0’, y’ and k’’, 0’, y’’, taking the z-axis coinciding with the 
vector k. We have then 


kh’’’? = Ry?{2+(k’’/Ro)®—2 cos 0 —2(k’’/ko) cos 0” 
+2(k’’/ko)[cos 0’ cos 0’ +sin # sin 0” cos (y’+¢’’)]} , (A.8) 


where both |k| and |k’| are replaced approximately by the momentum such that 24=%?ko2/2m. 
If we introduce new variables such as 7’=€’/oo, 4’’=E”’ Joo, 4’ =E’’’/co, t’ =cos 6’, t’’=cos 0’, 
y= +g” together with the dimensionless quantities L=A/c, d=w/co, then we have, after 
integrating with respect to ¢’, 


y co co 1 1 2x 
Ori) =e | dy \" da’\ av) ae’ \"ae 
7 L -L —by : 0 


te 1 >) i 1 
* Eleo+ln\-+ ly) 149 ace Ty Cari? 
where 


of? =2L +9" —2Lt —2LV/ LL 9) 
+2Y/ LL 9) Ct" +1 t2//1— #2 cos ¢) . (A.10) 


Uy 
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The last relation has been derived from (A.8) by putting approximately k’”?=ho2+2mcvy’’/h? 
and k”’?=ky?+2mcon’’’/h?. The lower limit of the t’-integration is chosen as —fo, which was 
introduced in (2.26) and related to the maximum phonon energy by Eq. (2.27). The approxi- 
mations made so far have little effect on the accuracy of the final result as long as we are 
interested in the main term of Ovin(k). 


To proceed further, we put, first of all, —t=—1. We believe that this approximation 


does not bring forth any large error, because the largest possible value of 6 is not largely 
| apart from z and, moreover, dt’/d@’ is very small for 0’ close to z. 


Before taking a next step, we shall attempt to find a conventional method of evaluating 


| the following integral 


Ho) =(Bn)-"\ av\’ 


-1 


av’| defy”) , (A.11) 
0 


where f(y’) may be any arbitrary function of y’’’ and is assumed to be expressed as a 
_ function of ?’, ¢’’ and ¢ according to (A.10). We try to replace this triple integral approxi- 


mately by a single integral 


rey\=\" 


Po. nf) kal) dn’’” . (A.12) 
L 


introducting an appropriately chosen probability density P(y’’, y’’’). Graphical consideration 
suggests that one may put, with a fairly good approximation, 


Py), a Oe 1 ee Aa 
OF otherwise. 


Pon’, = | 


In the actual procedure we determine P(7’’) and Y(7’’) so that we get an exact result for a 
simple case, f(7’’")=y7’”. It follows then 


Lay OL cy) Via’ Wei 2% (A.13) 


as easily verified by directly integrating both integrals and comparing the results. To check 
up to what extent this procedure is useful, we apply it to the evaluation of some directly 
integrable functions and compare the result, /’(7’’), with that of direct integration, J(y’’), in 
the following table. 


mfg 9!" We ijt 0116 [SL—2y!!p—7!1/2]8 
—L 0 0 0 0 0 
a *) x100 (errors in %) 0 0 +14 +84 +227 46 
L 0 +9 +62 +86 45 


Note that the method is fairly reliable when aplied to the function [(5L—2y’’)*—7’’’*}*, to 
which the actual integrand in (A.7) bears the best resemblance. Both functions have a 
maximum at 7’”’=0 and descreasing on both sides. We may thus expect errors of the same 
order of magnitude as those listed in the last columm when the present method is applied 
to the evaluation of Oym(k). Applying (A.12) with (A.13), we can transform (A.9) into the 


form 


Dyk) —_ 


-L 


A2C0 L dy’ CL ijn eas il = iI 
4 | 1 V1+ 7? iw Bei (S+Eloot+|y/|)?  (O+I0|+1n’/1)? 
Gia 
Eleo+|y/\+10//1 * 


(A.14) 


The approximate evaluation of the right-hand side is now possible. The first term in the 


brackets gives 
—(1.38/4)co A2x/(1+ E/@)? (A.15) 


\ 
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and the second term is found to be 
—¢coA*x(w/A) In (A/a) (A.16)} 


except for numerical factor of order 1. Assuming o/A<1 we neglect (A.16) and get 


Ovin(k) = —(1.38/4)coA*x/(1+E]o)? . (A.17)\h 


Evaluating all remaining 9,(k)’s in similar ways, we find that %ix(R), Oxn(k) and Dxini(h) 
have the same contribution as ®yin(k) except for unimportant difference in E-dependent factor’ 
and all other @:(k)’s can be neglected.. Thus, we have 


O1x(k) = Ox1(R) = Oxm(k) = — (1.38/4)00 A*x/(1+ E/o)? , (A.18)) 


where we have assumed the same E-dependence as in ®yin(h). 
By use of (A.4), (A.5), (A.6), (A.17) and (A.18), we get finally 
> Ok) =— reo A*x/(1+E/o) (A.19)) 
with 
7 =2(1—In 2)4+2 In 2—1/2—4(1.38/4)=0.1 , (A.20) | 


where a common factor (1+ E/w)~! is applied to all @:(k)’s. Since the positive and negative 
contributions to 7 nearly cancels each other, there might be a large error in the value of 
y arising from the rough estimate (A.17) and (A.18). We believe, however, that this does 
not exceed two hundred percents. 
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A semi-empirical method was developed to evaluate interaction energies 


of close impurity-atom-interstitial pairs. 


It was found that an undersize 


impurity atom provides with a deep trap for an interstitial, while an over- 
size impurity atom furnishes to an interstitial several shallow traps with 


different interaction energies. 


These results were applied to the anneal- 
ing temperature problem of irradiated copper. 


Stage II was interpreted 


as due to the liberations and annihilations of several kinds of shallow 
trapped interstitials, and stage II] was explained as due to the liberations 
and annihilations of deep trapped interstitials. 


1. Introduction 


The behaviors of lattice defects introduced 
into noble metals such as copper, gold and 
silver by electron, deuteron or neutron irradi- 
ations have been extensively investigated by 
many workers”. Copper is especially well 
investigated among these metals from both 
experimental and theoretical standpoints”. 
Nevertheless several most important problems 
are not yet solved. One of these important 
unsolved problems is the low temperature an- 
nealing stage problem of irradiated copper. 

Annealing of lattice defects in copper takes 
place in five successive temperature stages”: 
2),3). The stage I ranges from about 14°K to 
about 65°K. The stage II has so wide a range 
that it is often called a garbage annealing 
stage. It extends from the end of stage I to 
the advent of stage III. The stage III has 
a fairly sharp range, which extends from 
about 240°K to about 300°K. The tempera- 
ture range of stage IV is considerably different 
according to different authors, but it extends 
usually from about 100°C to about 200°C. 
The stage V is usually found in the range 
from about 300°C to about 400°C. 

As far as the stage V is concerned, the 
interpretations by different authors agree with 
each other. We shall omit, therefore, to con- 
sider the stage V. The interpretations of 
lower four stages are quite confusing today, 
as will be shown in the next section. 

The present author will propose in this 
paper a new interpretation which explains the 
lower four stages consistently. Interstitial 
atoms trapped by impurity atoms will play 


important roles in the interpretation of stages 
II and III. We shall investigate the behaviors 
of these impurity trapped interstitials from 
various points of view. 


§2. Previous Interpretations of Annealing 
Stages 


Earlier interpretations appeared in literatures 
up to 1955 were reviewed and tabulated by 
Glen®. Interpretations appeared since 1956 
will be summerized in Table I. The last row 
shows the interpretation proposed by the pre- 
sent author in this paper. 

Now we shall consider the five views shown 
in Table I. Earlier views up to 1955 will be 


Table I. Interpretations of annealing temperature 
stages by different authors. 


Annealing stages I I I IV 
—- a 3 = = 
lL. Cady Gao: 
Seeger?) (1958) | mr. (Ve) I V 
Van Bueren?) CAD; 
(1957) ai et Maer bel 
Animeroapiidoss age CDiwee Tie gucae 
I. group | Pe (Wy) Te Ve 
G.E. group®))”).8) | c.p. I* 
(1959) pm a8 hepa Se? tS 
Illinois group? ,10 c.p. A. 
Hoo (1050) ae wilethee comate 


ig [ee Vv 


S:eyp! 
Present author ae QVewlec) 


c.p.: close-pair, m.r.: micro-recrystallization, I: 
interstitial, V: vacancy, V2: divacancy, Vm: multi- 
vacancy, Im: mwulti-interstitial, V*: trapped va- 
cancy, I*: trapped interstitial, I* in the lowest 
row: shallow trapped interstitial, I**: deep trap- 
ped interstitial. 
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considered, when it will be necessary to do so. 
The ways of allocations of various lattice 
defects to four annealing stages in Table I 
are roughly divided into two categories. The 
views expressed by the first three groups of 
investigators belong to the first category, and 
those shown by the second two research 
groups make the second category. 

The chracteristics of the first category are 
in that stage IV is considered to be due to 
the migration of free vacancies and that the 
stage III is considered to be due to the migra- 
tion of free interstitials except the case of 
van Bueren®. In the second category, it is 
considered that the free interstitials migrate 
in the stage I and the free vacancies migrate 
in the stage III. All the research groups 
agree with each other in two points; 1.e. in 
the first place close vacancy-interstitial (V-I) 
pairs annihilate at least partly in stage I, and 
in the second place free interstitials migrate 
always at lower temperatures than free 
vacancies. 

It must be emphasized here that G. E. 
group®’”.® and Illinois group™ have _per- 
formed most beautiful experimental works 
concerning the stage I. More detailed works 
have never been done concerning the other 
stages. The results published by these two 
groups will be shown in Table II. 


Table I]. Interpretations of annealing sub-stages. 


Sub-stages I Ip Io Ip Ip 
C | CDs a Cl D Qa CoDE I I 
orbett et al | (D_=2@2)s | (3) saGorrs)aancorr ) 
ee ee 
Ill, group ips (Cxps 4 Clip: I 


c.p. (1), etc.: first closest pair, etc., (corr.): cor- 
related recombination, (uncorr.): uncorrelated re- 
combination. 


G. E. group found five sub-stages in the 
stage I. After careful analyses of their re- 
sults, they conclude that the first three sub- 
stages are due to recombinations of close V-I 
pairs with different interaction energies, and 
that the last two sub-stages are due to migra- 
tions of free interstitials to recombine with 
correlated vacancies (sub-stage Ip) or with 
uncorrelated vacancies (sub-stage Ig). Illinois 
group also found a fine structure of the 
stage I. 


It may be considered that the mechanisms 
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of annealing in stage I were clarified as the i 
results of investigations of G. E. group and | 
Illinois group to such an extent as we can be- | 
lieve that free migrating interstitials, besides | 
close V-I pairs, do contribute to the anneal- 
ing processes in stage I. This means that | 
the interpretations which include the alloca: _ 
tions of free interstitials to stage II or Ill | 
must be revised. On the other hand, it is 
highly probable from the experimental results 
on cold-worked copper!” and quenched copper’ . 
that the stage IV is due to the migration of 
free vacancies. It seems that the confusion 
of interpretations by various schools comes 
mainly from the unclearness of stages II anc 
III. It is the main objective of this paper tc 
make these two stages clear. 


§3. Evidences for trapping of Interstitials 
by Impurity Atoms 

Impurity trapping of interstitials is by no 
means a new concept. It was first discussed 
by Lomer and Cottrell!» in 1955. It was not, 
however, on the firm foundation of knowledges 
that they considered the impurity trapping of 
interstitialcies*, because important informa- 
tions concerning the behaviors of interstitials 
in stage I annealing processes were lacking at 
that time. 
annealing stage problems since 1956, rather 
disregarded the important roles of impurity 
trapped interstitials, although they considered, 


so to say, the auxiliary functions of these | 
trapped interstitials, as some examples are | 


seen in Table I. 

There are many experimental evidences for 
impurity trapping of interstitials. We shall 
show here an evidence which is important 
from the point of view of the present paper. 

According to Blewitt and others”), the stage 
I annealing process is partially or completely 
suppressed in properly impurity doped copper 
as shown in Fig. 1. In this figure the lower 
curve shows the isochronal annealing behavior 
of 99.999+% copper neutron-irradiated at 
14.5°K. The stage I is suppressed about 60% 
in 0.1% Be-doped specimen as shown by the 
middle curve. The complete suppression is 
seen in the upper curve, where the specimen 
is doped with 1% Be. The suppression of 


* As far as the static nature is concerned, an 
interstitialcy is considered to be the same as an 
interstitial. 


Many authors, who treated the | 
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stage I annealing process can be understood, 
‘if it is considered that the defects, which 
_ Migrate in the stage I, are trapped by beryl- 
_ lium atoms. 
| interstitials, it is natural that they are trap- 
ped by undersize impurity atoms like beryl- 
| lium. 
impurity atom to trap an_ interstitial by 
_ Eshelby’s elastic interaction. This point will 
_ be discussed in detail later. 


If the migrating defects are 


It is also possible for an oversize 


01% Be, Py = 5-352 x10 “ohmecm 
01 % Be ;Po=4.98x 10 “Ohm-cm 
499.9994% Cy, Po =76 x 10~"°ohm-cm 


100 125 {50 175 200 225 250 275 
TEMPERATURE (°K) 


Fig. 1. The isochronal annealing curve of bery!l- 
lium-doped copper following a reactor irradi- 
ation at 14.5°K. 401/400 is the fraction of the 
radiation-induced resistivity remaining after each 
annealing pulse. (After Blewitt et al.14)) 


Elastic Interaction between an Inter- 
stitial Atom and an Impurity Atom 


§ 4. 


Now we shall consider the interactions be- 
tween an interstitial atom and an impurity 
atom. First of all let us consider the interac- 
tion calculated by the elasticity theory. Ac- 
cording to Eshelby!”, the interaction energy 
Eint between two defects with dilatations 4: 
and 4v2 is expressed by 


15d i 


Fint= ace toa ; (1) 
7 =3(1—0)/(1+9) , (2) 
r == -2 (Pm? + min?-+n2l) , (3) 


where d is a constant with negative value in 
the case of metals which is derived from 
elastic constants, o is Poisson’s ratio, 7 is the 
distance between two point defects, and /, m 
and m are direction cosines. The dilation dv 
should be taken here as that in a body with 
a free surface. If d4uidv2 is negative and I’ 
is positive, the interaction will be attractive, 
because d is always negative in the case of 
metals. 

The interaction can, however, be either at- 
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tractive or repulsive for a given pair of de- 
fects, if the configuration of two defects 
changes, because the value of J’ can either be 
positive or negative according to the values 
of direction cosines. In other words an at- 
tractive interaction is expected from both 
negative and positive values of 4vi4v2, which 
means that an interstitial is trapped by an 
oversize impurity atom as well as by an under- 
size impurity atom. This was pointed out in 
section 3. 

An interstitial atom in a face-centered cubic 
lattice can take various forms in the crystal 
lattice, i.e. (1) an ordinary interstitial form, 
in which the interstitial atom occupies the 
the body center of cubic unit cell, (2) Hunt- 
ington’s C configuration’®, and (3) a crowdion 
form. An atom in the ordinary interstitial 
form will be called simply an interstitial atom 
or an interstitial in this paper. 


: 
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Fig. 2. Various configurations of impurity-atom- 
interstitial pairs in face-centered cubic lattice. 
©: substitutional impurity atom, ©: interstitial 
for ’>0, @: interstitial for 7<0. No distinc- 
tion is made between (100), (010), (001), etc. 
The unit of the coordinates is a/2. 


Various possible configurations of impurity- 
atom-interstitial (Aj-I) complexes or associa- 
tions are shown in Fig. 2. A double circle at 
the left # and lower corner shows a substitu- 
tional impurity atom (Aj) and open and solid 
circles indicate the possible positions of inter- 
stitial atoms. The figures at these circles 
show the coordinates of interstitials, of which 
the unit is in a/2, where a is the lattice con- 
stant. No distinction is made between (100), 
(010), (001), etc. in the figure. Open circles 
show the interstitial positions for /)>0, and 
solid ones show those for /’<0. The values 
of I’ for various configurations are given in 
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Table III. The distance 7 is expressed in unit Table III. 1» and 7’ in the equation (1). 
of a/2 in the table. ges , - a ; 
The dilatations of interstitial (I), vacancy  — _ Yiiicol oh bf , 
(V) and various impurity atoms are shown in 1 ~~ (100) +0.400 — IG) (GRIN) —0.148' || 
Table IV. Impurity atoms in the middle Say y(t) ao | il (OA! +0.018 | 
columns of the table are those used in the Brel 210) +0.080 25 ¥VG00) +0.400 | 
experiments by Blewitt et al.1”, as some of 9 (300) +0.400 25 ~—- (430) —0.060 
them are shown in Figs. 1, 5 and 6. The 9 (221) —0.192 oT, (ib) +0.260 
right hand columns of the table contain 11 (811) +0.086 27 ~—- (333) —0.267, 
impurity atoms usually found in high purity 13 (320) —0.026 29 (520) +0.162 
copper. They are shown in the order of 1 (410) +0.290 29 (432) —0.180:: 


decreasing amount in copper except phospho- 7 (399) _0.210 
rus. Phosphorus is found in considerable - —— 


Table‘IV. Dilatations 4v of interstitial, vacancy and impurity atoms in copper. 


Hekect Av in 2 bmparity | dv in 2 ar esas | dv in 2 
I 42.8% | Be | —0.40 | & 20,57 
Tisiitjemmerazaoee | Au 40.42 | Fe | —0.04 
Voo| 0.6 Zn +0.26 As —0.07 
Vy eee — 0.45% | Ni —0.07 Te +0.47 

| | Si 008 | Se 0:87 
| | | Sb | +0.89 

| Sn +0.80 
| | P —0.49 


Q2: atomic volume of copper. 
* From Tucker and Sampson (Acta Met. 2 (1954) 433). 
** From Tewordt (Phys. Rev. 109 (1958) 61). 


amount in copper in some cases, and is not os 

found at all in other cases. Ay, Av, =0.9 
Fig. 3 shows interaction energy vs. Aj-I o7 |, Curvel, F =+0.400 

distance curves calculated from the equation 


(ane = +0.086 


(320), = —0.026 


(1) with dvi4ve=0.9.2?, where 2 is the atomic a6 
volume of copper. Energies are expressed in 


I 
! 
| 
their absolute values. Curves 1 and 2 are for Ss as (4¢.0)[ = 0.290 
['=+0.400 and '=—0.267, respectively. In- e r (322) ae O2N8 
teraction energies of various A;-I configura- Noa SUT ie Ola 
tions with these two values of are shown = 
as open circles on the curves, and those with atl 03 | 
other values of I’ than these two are shown | 
as triangles without accompanying curves. oO. 
As the Eshelby’s equation is based on the | 
elasticity theory, it cannot be applied to very al 
close Aj-I pairs. Corbett et al. hesitatingly 
use the elasticity equation to calculate the O ! 
: é : ay ; ° t 73 3 (32% 5 6 
interaction energy of vacancy-interstitial pair 
as close as (300) configuration. Magnuson et —> r inunit of af 


al.’” apply the same equation to estimate the 

interaction energy of interstitial pair in (222) ticity theory. Dotted portions of the curves 
configur. anions although they point out that a are rather meaningless, because elasticity theory 
careful atomic calculation should be made to fails there. . Interaction energies are expressed 
obtain more reliable value. It seems after in their absolute values. 


Fig. 3. Interaction energies calculated by elas- 


7" 


a 
a, 


- 1960) 


Bb. 


annealing stage I. 
are released from impurity atoms above about 
'200°K as is seen from the upper curve in 


all that the elasticity equation is not applic- 


| able inside r=3~4. The dotted portions of 


the curves in Fig. 3 are rather meaningless, 


_because they are in the region where the 


equation (1) fails. 


We shail consider this 
problem from a different point of view in the 


next section. 


Interaction Energies of Close Impurity- 
Atom-Interstitial Pairs 


As mentioned above, the interaction energies 


of close Aj-I pairs with separations less than 


y=3~4 cannot be calculated by the elasticity 
equation. We shall use some experimental 


data to estimate the interaction energies at 


moment to avoid rather complicated straight- 
forward atomic calculations. 

In section 3, we referred to the experiments 
by Blewitt et al.‘” on the suppression of stage 
I annealing processes by impurity doping. Fig. 


_1shows of examples of beryllium doped copper. 


These results can be interpreted as follows. 
In 1% beryllium doped copper (the upper 


curve in Fig. 1) all the interstitials produced 
by neutron irradiation are trapped by beryl- 


lium atoms, resulting in a disappearance of 
These trapped interstitials 


Fig. 1. If the annealing kinetics for the tem- 


_ perature range above 200°K, which is evidently 
_the annealing stage IJJ, are known, we can 
calculate the activation energy, FE, of this an- 
nealing process. 


If this annealing process is 
considered to be due to the release of impurity 
trapped interstitials, and if E is known, we 


are able to obtain the interaction energy from 


the equation 


E=Eint+ Emig ’ (4) 


where Emig is the migration energy of an 


‘ 
q 


interstitial. As the released interstitials will 
migrate very quickly to appropriate sinks and 
will disappear there, the dissociation of Aj-I 
pairs will form the rate determining process. 
‘Hence the above equation (4) is justified. 

It would be possible to assume appropriate 
kinetics for the annealing process to obtain 
the activation energy, E, from the data of 
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Blewitt et al., if necessary. However, the 
accurate estimation of activation energy from 
insufficient data is not necessarily important 
for the objective of this paper. We shall 
choose, therefore, the simplest possible way 
to estimate the activation energy. 

It is recognized that the average absolute 
temperature, Ju, at which the annealing 
process is observed in usual measurements, 
is proportional to the activation energy, when 
the annealing processes in question are similar 
in nature to each other. This may be ex- 
pressed as 


VAEGE : (5p) 


where c is a proportionality constant. This 
equation is easily derived from the rate equa- 
tions of annealing processes, if the same 
entropy of activation is assumed for different 
annealing processes. And this relation can be 
well checked experimentally, if well-defined 
suitable experimental data are chosen. 

Now it may be assumed that the constants 
c’s obtained from different experiments give 
the same values, if the annealing temperature 
stages concerned are the same with each 
other, because it is considered that the an- 
nealing modes are the same in the same an- 
nealing temperature stages. This assumption 
may be especially well applied in the case of 
such a well-defined stage as the stage III, 
with which we are concerned now. We shall 
use, therefore, the data of 7. and E of an- 
nealing stage III by several workers including 
those of deuteron irradiated copper by Over- 
hauser!” to obtain the value of c. Then c is 
calculated as 


c=380°K/eV . (6) 


Taking the average annealing temperature as 
230°K in the case of beryllium doped copper 
(Fig. 1), we obtain 0.49 eV for Aiee)-I interac- 
tion energy from the equations (4) and (5) and 
the value (6). Emig was put as 0.12eV ac- 
cording to Corbett et al.” Now we shall put 
as 


EintBey=0.5 eV , (fa) 


instead of 0.49eV, considering the low ac- 
curacy of the method to obtained the interac- 
tion energy. 

This energy, EFintcBe), is considered to be 
for the closest Ajicpey-I pair with (100) confi- 
guration, because beryllium is an undersize 
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atom. This point will be discussed later in 
detail. 

The next problem is to combine the above 
obtained Fint with elasticity curve (Fig. 3). 
This was done in Fig. 4. An open circle at 
the left end of curve (2) indicates the FintBe) 
value for (100) configuration. The curve (1), 
which is the same as the curve (1) in Fig. 3, 
represents the elasticity equation (1). 


() Eint = —Aqy 
tense’ 
(2) Bint = ETT 


a) m= 28 


= 1s nla’) 


r in (a/2) 
Fig. 4. Interaction energies between a beryllium 
atom and an interstitial in copper. Curve (2) 
is calculated from the equation (8). Curve (1) 


is calculated from the elasticity equation for 
comparison. 


Now we assume a relation between JFint 
and 7 as 


ie: 1 
Tae (r[r1)>+m(r/r1) ; 
to obtain the values of interaction energy at 
various separations. The equation (8) is just 
a conventional expression which reduces to 
the elasticity equation at large separations as 
is seen from the curve (2) in Fig. 4. The 
curve (2) is obtained, putting m=2.5 and n 
ay i PA 

Now the interaction energies of various 
Aj-I configurations are calculated by means 
of the equation (8). The results are shown 
in Tables V and VI. These values are only 
to obtain a knowledge of the order of magni- 
tudes. 


Eint= 


(8) 


§6. Stable and Unstable Configurations 


Various Aj;-I configurations were shown in 
Fig. 1 in section 3. We have to distinguish, 
however, between stable and unstable confi- 
gurations as follows. Let us first examine an 
undersize impurity atom, which attracts an 
interstitial, if J” is positive. (100) configura- 
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Table V. Various configuration of impurity-atom- | 
interstitial pairs in the case of undersize beryl- | 
lium atoms in copper crystal. The (300) confi- | 
guration and others are unstable and will change | 


arrow. 


I’ >0, undersize atom 


(attraction) | 
(100) stable Eint~0.5, E~0.62 
(300) —> (100) 
(210) —> (100) 
(311) stable Ein,~0.01, Ex0.13 
(410) ==> (210) =>" (100) 
Gay SAO) 0), Oe 
Table VI. Various configurations of impurity-_ 


atom-interstitial pairs in the case of oversize 
gold atoms in copper crystal. The arrows in- 
dicate the change to the stable configuration. 


I'<0, oversize atom 


(attraction) 
(111) stable Eint~0.17, E=~0.29 
(221) stable Hint~0.03, H=0.15 
(320) stable Eint~0.003, H=0A2 
(300), Caaals (02) 
(331) stable Kint~0.01, E~0.13 
(430) —> (320) 
(333) —> (331) 
(432) UL SN(390) WL SOIT 

tion is of course stable, because it is the! 


closest pair with attractive force. 

It is usually considered that an interstitial) 
moves always in <1005 direction™. This: 
means that an interstitial makes interstitialcyy 
movements, when it migrates through thed 
crystal lattice. In other words it has the “C) 
configuration” of Huntington!® as the saddle 
point, when it makes migration through the 
lattice. This restriction of the migrating 
direction is a condition for considering stabled 
configurations. | 

Now the (300) configuration will be con-| 
sidered. An interstitial at (300) position willl 
move towards the impurity atom by the at) 
tractive force, resulting in an (100) configura-| 
tion. Thus the (300) is an unstable configura-) 
tion. The results of this kind of consideration: 
are shown in Table 5 for an undersize im-| 
purity atom with >0. It is seen that (300),| 
(210), (410); (421), etc. are all unstable, all 
reducing to (100) configuration. The only one} 


4) 1960) 


| stable position other than (100) is (311), which 
has EFint~0.01l eV. 
‘|, (111) is a repulsive position. 


(311) is stable, because 


It should be emphasized here, however, that 


' the occurence of (811) is rather seldom, be- 


cause it cannot be reached from any other 
position in the eight unit cells in Fig. 2, while 
all the open circled positions other than (311) 


| reduce to (100) positions as shown in Table V. 


(311) cannot be reached from (331), because 
(331) is a repulsive position. It is possible of 
course to reach (311) from (511), but (511) 
configuration has an almost negligible interac- 
tion. It may be concluded after all that (100) 
is almost the unique stable configuration for 
an undersize impurity atom, although it may 
be an over-simplification to neglect completely 
the (311) positions. 

The activation energy of annealing process 
due to the dissociation of Aicpe-I pairs is 
0.62 eV as shown in Table V. This is for the 
stage III annealing process. Dissociated inter- 
Stitials disappear very quickly recombining 


with vacancies, resulting in second order 
kinetics. 
$7. Oversize Impurity Atoms 


The situation for an oversize impurity atom 
is quite different. The results of considera- 
tions along the same line as before are given 
in Table 6 for an impurity gold atom, which 
is an oversize atom. An oversize atom at- 
tracts an interstitial, when J’ is negative. As 
are shown in the table, there are four stable 
configurations in the eight unit cells of Fig. 
1. The occurrences of these configurations are 
comparatively evenly distributed. The values 
of activation energies range from 0.12eV to 
0.29 eV as shown in Table VI. The interaction 
energies for Aj(Au-I pairs were calculated us- 
ing the equation (8) with constants obtained 
through Aji pe)-I interaction. 

The results in Table VI should be compared 
with Fig. 5, which is a reproduction of the 
experimental results on gold-doped copper by 
Blewitt et al. As are expected from the 
results in Table VI, the annealing stages of 
irradiated gold-doped copper should extend 
rather continuously from the end of stage I 
to some higher temperatures as a result of 
overlapping of several annealing processes 
with different activation energies. This type 
of annealing is found in Fig. 5, In other 
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words Blewitt’s results on gold-doped copper 
are explained at least qualitatively by our 
model. Incidentally Blewitt et al. explain 
their results in a different way’. 


Blewitt et al. performed further experi- 
ments on nickel-, silicon-, and zinc-doped 
copper. These results are all explained at 
least qualitatively by our model. 


* 1% Aulp, = 5882 x 1077 ohm-em 


4 0.1% Aula, = 6.354 x 10° ohm-cm) 


* 99.9994 %Cul a =7.5 x 10° ohm-cm) 
ES 


iw 
ASN 
TET TESS 


° 25° 50 79 100 125 150 175 200 225 250 275 
TEMPERATURE (%) 


0.50 


Fig. 5. The isochronal annealing curve of gold- 


doped copper following a reactor irradiation at 
14.5°K. 401/400 is the fraction of the radiation 
induced resistivity remaining after each anneal- 
(After Blewitt et al.1‘)) 


ing pulse. 


1% Ni, p, =1.3217 «10° © ohm-cm 
O.4% Ni; pp=1 317x107? ohm- cm 
99,999 + % Cu; a,=7.6x 10 ohm-cm 


= Pa 


100 125 \50 175 200 225 250 
TEMPERATURE (°K) 


Fig. 6. The isochronal annealing curve of nickel- 
doped copper following a reactor irradiation at 
14.5°K. 401/400 is the fraction of the radiation- 
induced resistivity remaining after each anneal- 
ing pulse. (After Blewitt et al.14)) 


The addition of 1% nickel shows almost no 
influence on the annealing behaviors of cop- 
per, as is seen from Fig. 6. This is under- 
standable from the small dilatation of nickel 
(see Table IV). But if the interaction energy 
of Ajqny-I is calculated from the equation 
(8) with constants obtained through beryllium- 
atom-interstitial interaction, there should be 
a small interaction, which is not found in Fig. 
6. This discrepancy may be due to some 
effects other than atomic radius effect. 

Although the behaviors of silicon (under- 
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size) and zinc (oversize) are understood quali- 
tatively on the basis of atomic radius concept, 
it seems there are some additional effects 
again in these cases. These effects may pre- 
sumably be valence effects. To inquire fur- 
ther, however, into this problem is not the 
aim of this paper. 


§ 8. Conclusions 


(1) Both undersize impurity atoms and 
oversize impurity atoms trap interstitials. 

(2) Various configurations of impurity- 
atom-interstitial pairs were considered. 

(3) An undersize impurity atom provides 
with a deep trap, if the dilatation is large. 
An undersize atom with a small dilatation 
gives rise of course to a shallow trap. 

(4) An oversize impurity atom furnishes 
several shallow traps with different interac- 
tion energies. 

(5) Annealing temperature stages of ir- 
radiated copper are interpreted as follows. 

(5a) Stage I is considered after G. E. group 
and Illinois group to be due to the annihila- 
tions of close V-I pairs and free migrating 
interstitials. 

(5b) Stage II is interpreted as due to the 
liberations and annihilations of several kinds 
of shallow trapped interstitials ([*) with dif- 
ferent interaction energies. The annihilations 
of divacancies and the dissociations and anni- 
hilations of multi-interstitials will take place 
in this stage, if they exist. 

(5c) Stages III is considered to be due to the 
liberations and annihilations of deep trapped 
interstitials (I**) with almost unique interac- 
tion energy. The annihilation of liberated 
interstitials is achieved by the recombination 
with vacancies, which results in second order 
kinetics. 

(5d) Stages IV is considered to be due to 
the annihilation of vacancies. 

(5e) These interpretations are summarized 
in the last row of Table I. 


(Vol. 15, | 

Note added in proof. We have recently ree || 
ceived a preprint of an article entitled “ Ther- | 
mally Activated Point Defect Migration in| 
Copper” by C. J. Meechan, A. Sosin and J. 4 
A. Brinkman, in which A.I. group have 
modified their annealing model from the one | 
presented in the present paper as the A... | 
model. ) 
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The method of analysing the two-dimensional disordered structure using 
the function; 


sin nai(s1 = Sie 


Pa(@1, %2)= |JAGue 2) m(S1— S12) 


_ Sin mae(s2— 82) 
(S282) 


exp 2nt{(s1—si1% +41) +82—82%-%2)}dsidse 


is described, where s,;% and s,% mean the coordinates of a relpoint 
H(=hk0), and A(si, s2) the amplitude of the diffuse scattering at the point 
(81, $2) in reciprocal space. 

The method is applied to the disordered structure of Cu;Au projected 
upon (001), giving the statistical parameters describing the atomic com- 
position of each atomic site. The unit cell compositions, which are 
readily derived from the atomic site compositions, are found appreciably 
deviated from those corresponding to the bulk composition of Cu;Au, 
the Au-rich cell being surrounded by the Cu-rich ones. This suggests 
that the ordering of this alloy progresses rather by the inter- changes 
of neighbouring atoms than by the growth of domains in which Au atoms 
are supposed not to come in contact with each other. 

In Appendices remarks are given in relation to the short-range order 
parameters, and the significances of phase assignments for diffuse scat- 


terings are discussed. 


$1. Introduction 


The diffuse scatterings produced by the 
disordered alloy crystals have been usually 
interpreted in terms of the short-range order 
parameters which specify the statistical char- 
acters of atom pairs of given separation and 
orientation. For instance Cowley” has de- 
veloped a method of deriving the short-range 
order parameters from the diffuse scattering 
of X-rays by the Fourier transformation of 
intensity distribution in reciprocal space. It 
is noted, however, that the short-range order 
parameters alone cannot be considered as a 
full description of the disordered structure, in 
the sence that in usual structure analyses 
Patterson maps cannot be regarded as to give 
full informations on crystal structures. 

Just as in the case of the usual perfect 
crystal analysis, it was shown” that certain 
plausible assumptions as to the structure ex- 
amined made it possible to assign phase angles 
to the diffuse scatterings, and thus to derive 
more direct informations on the statistical 
structure of the disordered crystal, than those 
derived from intensity distribution. In other 


words, the statistical parameters describing 
the disordered structure can be deduced not 
only for the atom pairs but also for the con- 
figurations of atoms present in the structure 
examined. An application was given for the 
structure analysis of Guinier-Preston zone® 
which gives rise to diffuse scatterings in the 
neighbourhoods of the relpoints of matrix 
crystal. 

In this paper the method is applied to the 
diffuse scatterings distributed in the neigh- 
bourhoods of the superlattice points of the 
AuCus crystal above the critical point; giving 
as results the statistical parameters specifying 
more directly the disordered state of alloy 
structure than the usual short-rang order para- 
meters. 


§2. The principle of analysis 


Let us consider a crystal in which the elec- 
tron density distribution is represented by a 
function p(x) which is not necessarily periodic 
with respect to the coordinate x. The inten- 
sity of X-rays diffracted by this is given by 

I(s)=|A(s)|? (1) 
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with structures, provided that the phase angles cant 

| : be defined without ambiguity and that they cani 

AS =| o(x) CxD UTS AU ee be assigned correctly in reciprocal space”... | 

The principle of analysis here developed | 

consists of taking into account of the intensity’ 

o(w)=| A(s) exp 2zis-xdv, . (3) distributions only in the limited region of re-- 

ciprocal space, which permits us to assign! 

It is noted here that the Fourier reciprocity phase angles of scattered X-rays with less; 

(2) and (3) need not be restricted to the arbitrary and more plausible assumptions as} 

cases where p(x) is strictly periodic, that is to will be seen at the end of this section. 

say, structure analyses using the Fourier For example, let us take a two-dimensionai | 

relations (2), (3) are feasible for disordered structure (x1, x2) and consider a function re-: 
structures as well as for the perfectly ordered lated to it: 


With inversion of (2), we have 


galas, x) =|| AG. 2) Kay(Si— S14) 
v Ka,(S2—S2") exp 2ni{(si—S1% -%1)+(S2—Se# -x2)}dsidse ( A} 
with 


sin 71S 
Ka,(si) = at 


SIN 7742S 
and K,(s2) = 
7S1 7S2 


(5 ) 
where a: and a@ represent the unit translations in the directions of two crystallographic axes, 
and si” and s:” mean the coordinates of a relpoint H(=hk0). The kernel Ku,(si—si:”)-Ka,(s2 
—s2”) permits us to calculate the right-hand side of (4) only with the knowledge of A(si, sz) 
in the neighbourhood of H, as the kernel decreases with the deviation of (si, s2) from H, and 
in particular, it vanishes at all the relpoints other than H, where si=si” and ss=s2%. After 
rearrangements using the convolution theorem?:*), the right-hand side of (4) is written; 


Pu(x1, X2) =|loe, X02" )A(X1— x1", X2—X2") Exp—27i(s1” x1! +2" x2’)dx1/dx2’ , (6) 
where 
A(x, 1) =|[Snzes SOD IST +5$2%2)dSidSo . (7) 
7S1 7S2 


As it is seen that 


A(x1, i= 


for |x:l<as/2 and |X%2|<a2/2 , (8) 


otherwise 


the right-hand side of (6) is interpreted as the structure factor of index (H) for the electrons 
contained in the rectangular region which is defined by 


|x1—x1/|<a1/2 and |X2—2X2"|<a2/2 (9) 


Practically, the integration of (4) is replaced by a discrete summation to give the function 
Ox(x1, X2) defined as 


On (x1, Xa)= Di Di A(s1", 82”) Ka,(Si"—s1”) Ka (So”— 2%) 
- exp 2r1{ (si"—Si™ + x1) + (S2”—S2” -x2)} , (10) 


in place of the function ga(x1, x2) of (4), si” and s2” being the coordinates of the discrete 
points in reciprocal space. When we sample the points regularly in reciprocal space, i. e. 
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si"—5,%#=—4 (m=0, +1, +2 
TS 1) SUS Sepa Peril) | 
$1? — $4 = ni (n2=0, 1, +2,---, +. ii 
ae 2 » 4,4, >_— 2) 


af L, and Lz being integers greater than 1, then it is proved that?) 


Di(X1, X2) © Dy (x1, x2)" 122 (12) 


| provided that Mi and M2 in (11) are both sufficiently large, where gy(x1, x,)"172 means the 
yy Values of ga(x1, x2) averaged over the points (m-tmuaL, Xe Med2L2) with m1, m2=0, 1, 2, 3, 
-+, etc. When we write the values of o(*:, x2) averaged over the points (xitemaiLi, x2 
m:d2L2) as (x1, x2)"172, we have 


Qua(X1, X2)"1"2 =|lows, X29’ 122A (x1 — 401", X2—X2’) EXP—Zri( x1 si! +0’ So™)dx1/ dx’ . (13) 


Now we come to the point where the problem of phase assignment for A(s:,s2) may be 
answered correctly, when phase angle can be defined at the point (s:,s2). In Appendix II we 
shall consider the case where the phase angles are not to be defined and therefore the sub- 
stantial phase assignment seems impossible. 

Since A(si”, s2”)’s for regularly sampled (s:”, s2”)’s (see Eq. (8)), are the Fourier transforms of 
0(%1, X2)"1%2, they are real if 


(4X1, %2)"1"2=p(—x1, —X2)"12 . (14) 


The structure satisfying the condition (14) shall be called statistically centrosymmetric. As 
A(s1, S2) is a continuous function of si and sz, the real function A(s”, s2”) should pass a nodal 
line |A(s1, s2)|=0, when A(s:1, sz) canges its sign®). Under the statistical centrosymmetry (14) 
we can thus assign the same sign to all points in a limited region of reciprocal space sur- 
rounded by a nodal line. 


§3. The structure of AuCus above the critical temperature 


The intensity distribution of diffuse scatterings of AuCus annealed at 405°C were measured 
by Cowley”. The observed intensity Jais(s:, s2,0) in the plane passing through the origin and 
perpendicular to [001] was sampled according to (11) with Li=L2=15*. The observed values 
were normalized to the electronic unit using the following relation”:® 


Tait(s1, S2, 0) 
5 dsids2= 00 (15) 
\\ CAuCouGau—Fcu) Sue ~ ea n) 


(Geuenes 

unit cell 

where fau and fcu mean the atomic form factors of Au and Cu at the point (s:1, s2,0) of the 

reciprocal space, Cau and Ccu, the atomic composition of Au and Cu, viz. Cay=1/4 and Ccu=3/4 

for this case. a(/mn)’s in the right-hand side are the short-range order parameters which 

were determined by Cowley by means of the Fourier transformation of intensity distribution. 
The phase angles of the structure amplitudes at relpoints (100), (010) and (110) were assumed 

to be zero**, implying that the origin of direct space was set at an atomic site where Au 

atoms are of the highest concentration. One can then assign the same phases to all the points 

sampled after (11), assuming the statistical centrosymmetry (14) for Zi=Z2=15. With the 


* The detailed discussion on the point-samplings in reciprocal space, which is related to the resolving 
power of intensity observation, is found in the previous paper of the author?). 

*& One may adopt an alternative assumption that they have the values x. It was found, however, 
that the assumption led to the negative values of c(ij), which are contradictory to the definition of this 


quantity (see Eq. (20)). 
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normalized values of Jais(si, s2,0) (Eq. (15)) and the phase assignment described above, the | | 
function 


Laid S5.S2, we ba 16 

A(s1, $2) O=+ Gea (Zau Zu) ( ) 
was calculated, where Zay and Zcu mean the number of electrons contained in Au and Cu 
atoms respectively. By the substitution of (16) into (10) the Fourier transforms of amplitude — 
distribution were made, the relpoint H in (10) was set at three superlattice points (100), 
(010) and (110), so that equation (10) may give us three g-functions, ViZ. Q1o0(X1, X2)""2) 
Por (X1, X22 aNd Paro)(X1, X2)""2 aS Shown in Figs. 1 (a) and (b). The g-function for (100) 


75a2 09 


Seen 
. 


(0) ve : 7.5a 75a 


Fig. 1 (a). The function g19)(a1, x)". Thick Fig. 1 (b). The function 9(41)(a1, ¢)%1%. The 
contours represent the levels of 24, 21, 18, 15, contours represent the same levels as in (a). 
12, 9, 6 and 3 electron units, and thin ones the 
levels of 1.5 and 0.75 electron units respectively. 
Zero levels are broken. 


was derived from the one for (010) by per- a2 
muting the axes a: and az because of the 
tetragonal symmetry of A(s:, sz). All the ¢- 
functions are found real, the summand of (10) 
being centro-symmetrical. 

The structure of AuCus projected upon (001), 
which is denoted by o(&1, X2)"122 is represented Fig. 2. The structure of Cu3;Au projected upon 
(001). Small circles represent the atomic sites 
which constitute the projection of face-centred 
cubic lattice. Points A and Daretwosampling 
points of y-functions. 


a 


in Fig. 2, where the atomic site at the posi- 
tion (ia/2, ja/2) is denoted by (ij). Now let 
us consider the ¢g-functions at point A(a/4, a/4), 
for which the dotted rectangle BCDE gives 
the region defined by equation (9). As the 4-function has a constant value of 1 inside the 


rectangle, we have, when we assume each atomic site occupied by a point-like atom of 
electronic content r(z/), 


eow(2, ©) **=r(00)+7(01)—r(10)—r(41) 
poo, 4)" *=r(00)—1(01) +r(10)—r(a1) a7) 
Gomes 4)" =1(00)—r(01)=r40) + r(11) 


As these are three independent linear equations for 4 unknowns, we can solve them for 7(00) 
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«—r(10), 7(00)—r(01) and 7(00)—r(11). Next, let us sample the values of g-functions at point 


D(3a/4, 3a/4), the region characterized by the non-zero constant value of 4-function is now 
given by the rectangle AFGH, which holds one atomic site (11) in common with the rectangle 
BCDE. We have three linear equations analogous to (17) for the atomic sites contained in 
the rectangle AFGH, which, combined with (17), permit us to calculate the values of 7(00)— 


if} 7(12), 7(00)—7(21) and 7(00)—r(22). By sampling the g-function in such a way that two rectan- 
«} gles defined by (9) for every adjacent sampling points may possess always one atomic site in 


common, we can derive the values of 7(00)—r(j)’s for all (z)’s. 
As a matter of fact, it was found that, for the sites (J/)’s such that 


P+]*>X*~60 (18) 


the values of 7(00)—r(J/)’s were almost constant. We can then assume that 


oD) ~Caw= } (19) 


where c(zj) means the atomic compositon of Au at the site (7j), because we can write r(7j) as 
(tj) =Zauc(tj) + Zeull—ci)] . (20) 


The we have for the site (//)’s 


; 1 3 
1(00)— 1) =1(00)— 4 -Zau— eu (21) 
[010] 

l 
| a4 

i 

i 24s 25.0 25.8 

| RE—|18—323—206—258—236--288—268 00 Spake Uae a cae CoO atte re 


—— i 


Fig. 3. The percent values of c(zj)’s, the Au- Fig. 4. The percent values of x(ij)’s, the Au- 


concentration at the site (ij)’s. The values for concentration of unit cell centred at the site (77). 
the upper half of the figure are derived from The values for the upper half of the figure are 
those for the lower half by the reflection with derived from those for the lower half by the 
respect to the dotted line. The great circle re- reflaction with respect to the dotted line. 


presents the region outside of which the values 
of c(ij)’s are approximately constant (Eq. (16)). 


As the left-hand side of (21) is obtained in the electronic scale (Eq. (15)), it is possible to 
determine the value of 7(00) and hence all the values of r(ij)’s. The values of c(zj)’s are 
then calculated using Eq. (20) giving the results as shown in Fig. 3. In this figure a large 


circle represents the region outside of which the condition (19) is approximately satisfied. At 


the neighbourhood of the origin the Au-rich and Cu-rich sites are arranged almost alterna- 


tively. ss 
Whereas the short-range order parameter a(/mn) concerns only to the statistics of atom 


| 
1] 
| 
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pairs, the values of c(ij)’s here obtained give the information on the statistics of the squares | 
constituted from 15x15 atomic sites in terms of which the averaged structure (x1, “K2) "2 (Li 
=[,=15) is described. : 

It is interesting to calculate the atomic composition of the unit cell centred at the site (iJ), | 
as defined 


i= oli) +541, jy+eG—-1, jf) +e@, j+1)+eG, j-D} 
- J (e441, F441, JD +001, J+) +41, 7-1} | (22) | 


The values of «(ij)’s are shown in Fig. 4, where one can see clearly the deviations from: 
Cau=25%, which may possibly be attributed to the termination errors in the summation oO: 
(10). It must be noted, however, that the values in question are those averaged over 9 ad- 
jacent sites forming a unit cell, and if we make estimations for those effects” it is found 
that the period of diffraction ripples due to the termination is of the order of a./2, i.e. the f 
distance between twe adjacent sites. Therefore it is concluded that the finite termination in 
(10) can be regarded as almost ineffective as far as the values of «(zj)’s are concerned. Ther 
it is seen that the unit cell centred at the origin shows the substantial excess in Au-concen 
tration, while in the region surrounding the origin cell there found the unit cells which are } 
in defects of the Au-concentration. The avaraged value of «(zj)’s within the circle of Fig. 3 
is found to be 25.0%, that is, the value of Cau. 

These deviations in the unit cell atomic compositions from those of perfectly ordered struc- 
ture mean that the diffuse scattering may not be explained by the models as adopted by 
Wilson®, where Au atoms are supposed not to come in contact leaving the unit cell compo- 
sitions unchanged. It is therefore concluded that the ordering of this alloy progresses rather | 
by the interchanges of the neighbouring atoms, than by the growth of the domains in which 
the perfect order is maintained by keeping all the Au atoms from being in contact with 
each other. The conclusion is in agreement with that of Edmunds and Hinde® arrived at } 
from quite a different point of view. On the other hand Steeple and Edmunds” have given | 
a similar result for the ordering of CdMg:. 


Appendix I. The Relation of c(ij) to the Short-range Order Parameters 
When we write the short-range order parameter a(Jmn) as 


An eae (Al 1 
Cau 


where cuau(/mm) means the proportion of the pairs Cu-Au whose separation and orientation | 
are specified by the triplet of integers (/mn), our result as represented in Fig. 3 should be 
related to the values of of a(/mn)’s projected upon /-m plane, say, 


allm)= > e(lmn)=1——+— > Mcuau(lmn) , (A 2 | 

i Cau n . | 

because the proportion of pairs cuau(/mm) can be expressed as 
> [1—c(ajk)]ci+l, j+m,k+n) , 


and 


NcuAnlm)=> Ncudulmn)= > [1—clés) |e +l, j+m) . (A. 3) 
n ij 


Then (A. 2) runs; 


a(tm)=1——— ~ [1—c(aj)]c(@+1, 74m) . (A. 4) | 
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| It is to be noted, however, that the values of c(ij)’s in Fig. 3 are the averaged ones in the 
sence that they are related to the averaged structure 0(X1, X2)"142 and not to (x1, x2), so that 
they should be rather denoted by c(ij)"1*2 in order to make clear the differences from the 
|) Quantities appearing in (A. 4). That is, what we obtain as short-range order parameters using 
the values given in Fig. 3 is not a(/m) as defined by (A. 2) but a(lm)""2 as defined: 


pn 1 J ek eee 
alm) =1—— & [Lelie +1, fm) (A. 5) 


On the other hand, the short range order parameters obtained by means of the Fourier 
) transformation of intensity distribution, too, cannot be identical as those defined by (A. 1) or 


| by discrete summation which is necessitated by the finite resolving power of intensity obser- 
_vation”. In this case the parameter a(/Jmmn) is not related to P(x:, x2) but to PGi a 
jwhere P(x1, x2) is the self-convolution of o(x1, x2) and Li’, Le’ are the integers greater than 1 
. which are in general different from Li: and Li. 


Thus what we obtain is q(jjy)"’"*" defined as 


ry 
=—— Wy PVA 1 : r or Dy ; 
i Cpe a Cee (A. 6) 


| is not derivable from the other unless Zi, Lz, Li’ and Le’ are so large that aili, adele, ali’ 
| and a:L2’ become comparable to the size of the crystal under examination and the values 
| of c(j)"1%2’s become identical with those of c(z7)’s. 


Appendix II. A Remark on the Phase Assignment of Diffuse Scattering 


In the preceding sections it was supposed implicitely that the disordered structure in ques- 
}, tion could be represented uniquely by a continuous function p(x), thus the phase angles could 
| be defined without any ambiguity at every point in reciprocal space. In general it cannot be 
the case because it is known that single crystals are composed of coherent domains (mosaics) 
which diffract X-rays independently with each other. Let the electron distribution of each 
coherent domain be represented by n(x) and its Fourier transform by An(s) (v=1, 2,3,---, N), 
_the observed diffraction pattern is then expressed as; 


Ks)=¥ |An()°=N1 Aas)? (A.7) 


In this case the phase assignment to the square root of J(s) seems quite impossible and 
| even deprived of any substantial significance. The Fourier transformation of amplitude dis- 
- tribution, which is nevertheless feasible at least in quite a formal way, leads to the structure 


oo(x) defined as; 


pol) alco) =e 3 {On() Acon(X)} (A. 8) 


pox) being the Fourier transform of Ao(s) which is proportional to the square root of I(s). 
As we have seen in §2, what we obtain practically is not ox) itself but the averaged one 


ox) defined as; 
N 7 —_ 
pal” Heol” =A> SCout He uGEN"Y (A. 9) 


where L stands for the triplet of integers (Li, Le, Ls). Although on(x)’s at the right-hand side 
‘of (A. 8) may vary from domain to domain, and po(x) cannot represent any real structure | pre- 
sent in the crystal under examination, one may expect that the averaged structures 9,(x)"’S 
are at little variance among themselves, unless (Li, Le, Ls) is so large that Liai, Loa and Lids 
become comparable to the sizes of coherent domains, and therefore that 


| 
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Cg (A. 10)) 


from which the crystal examined is constituted. 

The condition (A. 10) may hold for the case of CusAu treated in §3, and the conclusion of [ 
that section need not suffer from possible lack of reality due to the phase assignment given) 
by (16). 
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Visible Light Emission and Microplasma Phenomena 
in Silicon p-n Junction 


Il. Classification of weak spots in diffused p-n junctions 


By Makoto KIKUCHI 
Electrotechnical Laboratory, Tokyo, Japan 
(Received June 6, 1960) 


In the course of study on the visible light emission and microplasma 
phenomena in diffused silicon p-n junctions, it has been discovered that 
there exist several types of weak spots in the junction. They can be 
roughly classified into two groups, one of them includes tiny weak spots 
which reveal microplasma current pulses at certain characteristic bias 
voltages, and the other includes tiny spots which contribute “soft ” com- 
ponent to the reverse current without being accompanied with micro- 
plasma pulses. The latter type of spots could be produced by scratching 
the surface of the junction with a tungsten needle, whereas the former 
could not be produced by the same operation. 

In real diffused junctions there are distributed above mentioned types 
of point defects. Typical experimental results are given, and the cor- 


relation between those weak spots and the current-voltage characteristics 
is discussed. 


§1. Introduction ruled out because of unbelievable high tem-+ 

Strictly speaking, no definite model is estab- perature gradient in the crystal. From the» 
lished for the explanation of the microplasma experimental results on the spectral distribu-/ 
pulses and the visible light emission. The tion of the emitted light, intra-band transition) 
possibility of the visible light emission by the of energetic.carriers has been postulated?, 
thermal vibration of lattice has already been However, the switching action of the micro-- 


i 


a 
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plasma spot and the correlation between the 
light emission and the current pulses are now 
still in question. Therefore, in the course of 
investigation on the occurrence of microplasma 
pulses in reverse-biased diffused silicon p-n 
junctions, it has been intended to check the 
carrier multiplication at the microplasma spot. 
The experimental result was negative, that 
is, no multiplication could be found in the 
voltage range where microplasma current 
pulses were clearly observed on a synchro- 
scope. High value of “apparent” carrier 
multiplication has already been discussed in 
the previous paper?). 

During the measurement of multiplication, 
it has been found out that there exists light 
emitting spot in the junction which reveals 
no microplasma pulses at all. Some of them 
show high value of multiplication but some 
of them do not. The color of the emitted 
light from this type of spots is much more 
brilliant and whitish than that from micro- 
plasma spots. In the previous paper*®, only 
the appearance of the bright spots is men- 
tioned, but it has been found that this kind 
of spots contribute considerable amount of 
leakage current component to the reverse 
characteristic of the junction. 

The purpose of this paper is to present the 
experimental results on the above mentioned 
weak spots in the junction, as well as to give 
additional results on the microplasma spots. 
In the last section, brief discussion and specu- 
lation are given. 


§2. Experimental Procedures 


2.1 Specimens 

The specimens used in this experiment are 
summarized in Table I with the condition of 
boron diffusion for making p-n junction on the 
surface. As shown in the table, resistivity 
of the samples ranges from 0.1 to 6 ohm-cm. 
After making a p-type layer on the surface, 
small area of 1-3mm in diameter is protected 
and the remainder of the surface p-type layer 
is etched off. Four specimens are fixed on a 
copper plate with silver paste. The copper 
plate is mounted on a large metal block of 
the micromanipulator which serves as a heat 


sink. 


2.2 Experimental apparata and procedures 
Most of the experimental apparata are the 
same as that described in the previous paper”. 
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Tabie I. 

No. of Wate 4 diffusion diffusion 
speci- ONE _ temperature time 
men GO) | (min) 
Beal 2—6 1050 30 

B 26 2—6 1050 40 
Be2Z7Z 6 1050 50 

B 28 0.02 1050 40 

B 29 0.1 1050 40 

B 30 1.6 1050 | 40 

B 32 155 1050 | 40 

B 33 Ihe 


1050 40 


Essentially, the apparatus for measuring mul- 
tiplication and for locating weak spots in the 
junction consists of a chopped light source 
and micromanipulator with a high sensitivity 
synchroscope. Micromanipulator is so oper- 
ated that the maximum purformance of certain 
characteristic can be observed on the synchro- 
scope to find the position of the spot in the 
junction. Usign an X-Y recorder simulta- 
neously, appearance and disappearance of 
microplasma pulses can be marked on the 
reverse current-voltage characteristic of the 
junction. 


§3. Experimental Results 


3.1 Microplasma pulses and 
voltage characteristic 

As has already been described in the pre- 
vious paper, microplasma pulses appear as 
reverse bias is increased up to certain voltage. 
As the voltage is further increased, pluse 
length and pulse rate is increased and finally 
the pulses completely disappear. Observing 
microplasma pulses on a synchroscope, their 
appearance and disappearance can be indicated 
on the reverse current-voltage characteristic 
as shown in Fig. 1. As is shown in the figure, 
about ten microplasma spots reveal their ex- 
istence successively as the total current is 
increased up tolmA. The trace of the chara- 
cteristic as shown in Fig. 1 is quite repro- 
ducible. 

Fig. 2 shows a part of the characteristic 
near the appearance of the first microplasma 
spot. As is shown, the characteristic is rather 
complex microscopically, i.e., the second de- 
rivative is oscillatory. However, the segments 
(1A), (2B), and (3C) of the curve are mean- 
ingless in a sense, since the values of junction 


the current- 
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current in these regions is only a time average 
of pulsing current weighted by measuring 
circuit conditions. It must be noted here that 
the parts (A2), (B3)--- are quite linear, which 
has been confirmed on most of the specimens. 
The above mentioned results, i.e., (1A), (2B), 

- are only the curves of weighted average 


junction current 1 
mA 


B=25 
(dala) 


O 


) 20) 80) Zo bo Go wow 


bias voltage 
Fig. 1. Typical reverse characteristic of a dif- 
fused p-n junction on which appearance and 
disappearance of microplasma pulses are 
marked. }» and [> shows the appearance and 
disappearance, respectively. 


junction current 
(uA) 


46 47 - 48y 
bias voltage 


_ Fig. 2. Part of the current-voltage characteristic 
curve with the marks of appearance and disap- 
pearance of microplasma pulses. 
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of “probability ”, and (A2), (B3)--- are the | 
segments of straight line, must be carefully 
taken into account for theoretical interpreta- | 
tion of the reverse characteristic of those 
diffused p-n junctions. 

As previously reported, we have succeeded | 
in locating the positions of individual micro- | 
plasma spots using small chopped light spot. | 
By this technique, it is observed on a syn- | 
chroscope that the microplasma pulses are | 
most strongly modulated at the chopping 
frequency when the chopped light just coin- 
cides with a microplasma spot. Fig. 3. shows 
the change in characteristic curve when one 
of the microplasma spot is illuminated. 


junction current 
BA 


100 


50 


lV bias voltage V 


Fig. 3. Change of characteristic curve when 
certain microplasma spot is selectively illumi- 
nated. (The voltage axis is shifted 1 volt for 
each svccessive measurement) (a) dark, (b) (c) 
stronger illumination on the spot No. 2. 


The voltage axis in the figure is shifted 1 
volt for each measurement. As the illumina- 
tion on the spot No. 2 is made stronger, the 
variation in the second derivative of the curve 
is reduced, and finally, appearance of the 
microplasma pulses from spot No. 2 is shifted 
to lower voltage. Therefore, it becomes that 
pulses from spot No. 1 and spot No. 2 can no 
longer be separated, as shown in the curve 
(©). 

3.2 Characteristics of microplasma pulses 

In Fig. 4, the grow-up of microplasma pulses 
is shown. This semi-schematic figure shows 
the increase of pulse height with increasing 
bias voltage.. The dot circle indicates the 
time average of the pulsing current. 


Ny 
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) As is seen in the figure, the pulse height 
1s very small and gradually increases after 
its appearance, but it is reduced abruptly to 
zero upon its disappearance. This lack of 
symmetry must be noted. 

The other important feature of the micro- 
plasma phenomena is the lack of carrier mul- 
tiplication, which has already been reported 
in the previous paper. In our present work, 
this has been confirmed again. With careless 
measuring conditions, the apparent multiplica- 
tion will be confused with the true carrier 
multiplication but these must be distinguished. 


junction current I 
a uA) 


loos 
90} 
804 


7040 


o++ 


Fig. 4. Grow-up microplasma pulses with incre- 
asing bias voltage. The abscissa is reverse bias 
voltage, but quantitatively meaningless. 


Fig. 5 shows the appearance of microplasma 
pulses with chopped light illumination. The 
bias voltage is increased from (a) to (d), 
successively. As is shown, pulse rate of the 
microplasma current pulses is modulated by 
the illumination, but the multiplication cannot 
be found in the case of (d), i.e., the spot is 
mostly in “ON” state both in the dark and 
illuminated condition. 


3.3 Weak point in the junction without mi- 
croplasma pulses 

In the course of study on the above men- 

tioned phenomena, it has been found that there 

exists light emitting spot in the junction which 
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is not accompanied with the occurrence of 
microplasma current pulses. 

At first, a bright spot was found in the 
junction through microscope, where the chop- 


(d) 
Patterns of the microplasma pulses when 
the junction is illuminated by chopped light. 
The light is focused on the microplasma spot 
and the bias voltage is increased from (a) to 


(d). 


Higa 45% 
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ped light was carefully focused. Bias voltage plasma spot as shown in Fig. oa 
was slowly decreased watching the pattern on It has been found that the existence of this | 
the synchroscope. In the case of microplasma new kind of spot has remarkable influence on | 
spot, the clear pattern like that shown in Fig. 
5 should be observed. However, no pattern 
could be seen even the voltage was decreased 
as low as 10 volts. It was astonishing that the 
light emission could be still observed from the 
spot at this bias. This type of weak spot was 
found out in this way. 


(a) 


Mlutiplication 


arrows indicate the 
onset of light emission 


(b) 
Fig. 7. Pattern of photoresponse of the weak 
spot which reveals no microplasma pulses. 
Multiplication is clearly observed. 


a aT 
O 10 20 30 cKO wiepate’ ONG xy + SSS 
junction current 
bias voltage (mA) 
Fig. 6. Examples of weak spots in the junction 
with multiplication and without microplasma I5- 
pulses. 


By careful observation on many specimens, 
it has been found that some of those spots 
reveal high multiplication. In Fig. 6 typical 1.0 
examples are given. In this diffused junction, 
four weak spots are revealed when the bias 
voltage is increased up to 65volts. Two of 
them are the previously mentioned micro- 
plasma spots (1 and 2 in the figure), and the atl 
other two are the spots without microplasma 
pulses which are accompanied with carrier 
multiplication (A and B). As is shown, mul- | 
tiplication occurs in these spots from the bias x 
valtages as low as 5 and 7 volts, respectively. Ov TIO MSeOe WaO ae Piso poem 70 
Moreover, it must be noticed that light emis- | bias voltage M 
sion occurs also at low voltages. In Fig. 7, Fig. 8. Current-voltage characteristic of a junc- 
an example of photoresponse of these kind of tion which contains microplasma spots only. 
spots is shown. It is clearly seen that the (#B-25(a-1)). p» and [> indicates the appear- 
nature is essentially different from micro- ance and disappearance of microplasma pulses. 


junction containing 


only microplasma 
spots 


the current-voltage characteristic of the junc- 
tion. Fig. 8 shows the characteristic of the 
diffused junction which contains only micro- 
plasma spots. Although relatively large num- 
ber of microplasma spots can be found in this 
junction, the characteristic is pretty hard, i.e., 
it has sharp breakdown at the voltage where 
the first microplasma pulses appear. 

If the junction contains at least one weak 
spot without microplasma pulses, however, 
the characteristic becomes remarkably soft, 
as shown in Fig. 9. This softness results 
from the existence of this kind of spots either 
with or without multiplication. From these 
experimental results it may well be concluded 


junction current 
mA 


junction containing 
light emitting spot 
without microplasma 
pulses 


0.5 


ee 


SOIMUGOINT 50) SGOPIE7O 


bias voltage 


Fig. 9. Current-voltage characteristic of a junc- 
tion which contains at least one weak spot 
without microplasma pulses. 


(E-P-b) 


| " point contact 


Fig. 10. Map of the light emiting spots in the 
diffused junction. (#-E-P-b) 
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that the so-called leakage current in the back- 
ward characteristic is caused by those kind 
of weak spots in the junction. 

In Fig. 10, a result of mapping light emitt- 
ing weak spots in a diffused junction is given. 
The sign © indicates the microplasma spot, 
4 and xX indicates the spot without micro- 
plasma pulses, with and without multiplica- 
tion, respectively. The detailed description 


of these weak spots are summarized in Table 
II. 


Table II. Detailed description of the weak 


spots mapped in Fig. 10. 


bias voltage bias voltage 


micro- | 


| where mi- where lighht multi- 
cro pulses | emission plasma plication 
appear (volt) occurs (volt) Pp | 
INA HAO e0 | no | yes 
B | AD | yes no 
Ca 72.0 yes no 
D (39) yes no 
1 79.0 yes no 
F | 78.5 yes no 
Go Siz | yes no 
| 
HY 85.2 | yes no 
I | 86.5 | yes no 
a 8.5 no yes 
B SEC no yes 
7 9.5 | no yes 
scrotch 
local photocurrent 
(arb. unit) 
10 
5 
Q 
Oo 
bios voltage 
Fig. 11. Multiplication characteristic of the light 


emitting spots produced by scratching. 


3.4 Effect of scratch on the surface of dif- 
fused junction 

On the course of experiment it was some- 
times observed that the current-voltage 
characteristic changed permanently. Recen- 
tly, it has been found that this change in 
characteristic can be attributed to the scratch 
on the surface of the junction made by draw- 
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ing the metal point electrode by microman- 
ipulator. 

It may be very interesting to note that light 
emitting spot can be produced by the scratch 
intentionally. The light emitting spots pro- 
duced by the scratching reveal multiplication 
as shown in Fig. 11. As is shown, the light 
emitting spots appear along on the scratch 
line and the multiplication appears in these 
spots from the bias voltage as low as 6-10 
volts. 

It must be noted that none of the spots 
produced in this way revealed microplasma 
pulses. 


junction current 


after 
strong scratch 


after light 


0 10 20 30 40 50 60 70 V 
bias voltage_ 
Fig. 12. Effect of scratching on the current- 


voltage characteristic of a junction. 


Fig. 12 shows the effect of scratching on 
the current-voltage characteristic. From the 
experimental results mentioned in the previous 
section, it may be quite natural to expect 
that the scratching results in the increase of 
leakage current. It is noted that during the 
scratching treatment, the ocurrence of micro- 
plasma pulses is not influenced. 

It must be noticed here that relatively slow 
response to chopped light has often been 
observed in the spots produced by scratching. 
The slow effect appears also in the current, 
i.e., the increased leakage current by scratch- 
ing reveals considerable drift (or creep). 

3.5 Summary of the experimental results 

The observed weak spots in the diffused 
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junction can be classified by their character- 
istics as shown in Table III. Type I is the 
usual microplasma spot, which is characterized 
by the occurrence of microplasma pulses and 
also by the lack of multiplication. Type II 
is also the microplasma spots, but this seems 
to be lacking of light emission. In some 
specimens, no light emitting spots could be 
observed through microscope after ten or more 
microplasma breakdown had been observed 
on the synchroscope. Strictly speaking, 
however, the existence of type II spot may 
be still in question. 


Table III. Classification of weak spots 
in the junction. 
Microplasma Light multi- 
Type pulses emission plication 
I yes yes no 
auf yes no no 
Il no | yes yes 
IV no | yes no 


Type III and IV are the spots without mi- 
croplasma pulses. In general, the emitted 
light from III and IV spots is much brighter 
than that from I and II spots. The colour is 
more reddy for I and II, while it is whitish 
for II] and IV. The existence of multiplica- 
tion is the main feature to distinguish III from 
IV. 

Type III can be produced by scratching on 
the surface of the junction. III and IV con- 
tribute considerable amount of leakage current 
to the backward characteristic. Therefore, 
the current-voltage characteristic of the junc- 
tion containing only I or II spots is hard, 
while the junction containing at least one of 
III or IV spots reveals soft characteristic. 

It is also noted that visible light emission 
from III or IV occurs at very low voltages as 
low as 5-15 volts. 


§ 4. Discussions 


4.1 Microplasma spots and current-voltage 
characteristics 

As has been already mentioned in connection 
with the experimental result shown in Fig. 
2, current-voltage characteristic of a junction 
containing microplasma spots does not obey 
the existing simple theories. One of the im- 
portant features of the characteristic is its 
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linearity between the disappearance and ap- 
pearance of microplasma as schematically 
shown in Fig. 13. As is shown in the figure, 
the parts (BC) and (DE) are linear. As pre- 
viously noticed, the current is the sum of 
continuous current and pulses in the regions 
of (AB) and (CD). 

From the above mentioned features of the 
characteristic curve, it seems natural to have 
the physical picture as follows. There exist 
considerable number of weak spots in the 
junction, and they reveal breakdown succes- 
sively as the bias voltage is increased. When 
the bias voltage passes through the breakdown 
voltage of certain spot, that spot contributes 
local current which is limited by spreading 
resistance only. This picture can be repre- 
sented by the equivalent circuit as shown in 
Fig. 14. Relay switches are in parallel and 
each switch has its resistance in series. 


junction. current. 


bias voltage V 
Fig. 13. Schematic representation of the current- 
voltage relation of a junction containing micro- 
plasma spots. 


Fig. 14. Equivalent circuit of the junction con- 
taining microplasma spots. 


When the bias voltage is increased up to 
the breakdown voltage of the spot No. 1, the 
relay No. 1 begins to oscillate. The probabil- 
ity of the relay to be in “ON” state is 
increased as the bias is further increased, and 
finally the relay is completely switched on. 

There are, however, some doubts in the 
validity of this equivalent circuit. From the 
experimental results it has been found that 
the microplasma pulse height grows up at 
most to 150“A. On the other hand, the 
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resistance of the individual spot (resistance 
in series to the relay in Fig. 14) has been 
determined from the derivative of the linear 
part of the characteristic to be of the order 
of 20-50kQ. From the value of 50kQ and 
equivalent circuit in Fig. 14, the height of the 
microplasma pulses should be 1 mA, since the 
first pulses appear nearly 50 volts. Moreover, 
it should be expected from the equivalent 
circuit that the extrapolation of the linear 
part of the characteristic will intersect the 
origin as shown in Fig. 15 (a). It is observed, 
however, that the characteristic of real junc- 
tion is schematically shown as Fig. 15 (b). 


Fig. 15. Schematic representation of the charac- 
teristic of (a) equivalent circuit, (b) real junction. 


From the resistance determined above and 
the usual relation 
bes ni 
aes 
for the spreading resistance, where p is the 
bulk resistivity, the diameter d of the spot 
can be given to be about 0.5micron. This 
value is at least one order of magnitude larger 
than usually believed for the microplasma 
spot. 

Although the detailed mechanism underly- 
ing microplasma phenomena is still in ques- 
tion, above mentioned discrepancies seem to 
show that we must take into account the 
modulation of spreading resistance in the 
analysis. 

4.2 Soft characteristic 

It can be concluded that the existence of 
type III or IV spot give rise to soft reverse 
characteristic. This may be seen in Table 
IV where some of the experimental results 
are summarized. 

Characteristic features of type III and IV 


(1) 
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Table IV. Summary of the experimental results 
on the correlation between softness of the cur- 
rent-voltage characteristic and the existence of 
type III or IV spots. 


No. of speci- 


Makoto KIKUCHI 


Type I or Type III or Character- 

men II IV istic 
(B-26) 

a-l yes no hard 

a-2 yes yes soft 

a-3 yes no hard 

a-4 yes yes soft 

yes no hard 


p= 


spots are visible light emission and lack of 
microplasma pulses. Moreover, light emission 
begins from bias voltages as low as 5 volts. 
From the results mentioned in 3.4, local dam- 
age or highly dislocated region is imagined 
as the origin of these types of spots. For 
instance, high density of energy states in the 
band gap will be responsible for high rate of 
generation and also for high rate of recom- 
bination. On the other hand, high density of 
energy states will help the Zener mechanism. 

At any rate, there must exist high energy 
carriers since the light emussion occurs. 
However, we are puzzled from the fact that 
there is clear differecce between type III and 
IV spots in carrier multiplication characteris- 
tic. One possible way to solve this question 
is to consider the threshold energy Es;s=2.3eV 
for pair creation. Visible light emission may 
be observed without multiplication if the car- 
riers have energy sufficiently high but less 
than 2.3eV. However, this model seems to 
be too much sophisticated. 


4.3 Microplasma spots 

The most difficult question on the mecha- 
nism of microplasma phenomena may be the 
lack of multiplication after the breakdown 
where visible light emission can be observed. 
Light emission occurs after the current pulses 
appear. Following considerations lead us to 
believe that the microplasma phenomena is 
only partly related with avalanche breakdown. 

(a) Individual current pulse is not the ava- 
lanche induced by a chance carrier, since the 
pulse width (10-*'—10-* sec) it too long com- 
pared with the transit time of electrons in the 
barrier, i.e., 10-°sec.. 

(b) Above model is not valid also because 
no carrier multiplication is found after the 
breakdown, 
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(c) If it is assumed that the long pulse | 
width is maintained by high density of chance § 
carriers to cause avalanche multiplication, it 
becomes then difficult to explain long inter- 
vals between the pulses. 

We have proposed a model taking analogy | 
with the p-n-p-m switch in the previous paper. 
We have really succeeded to observe similar 
current pulses in the vicinity of the “ turn-on ” 
point of a p-n-p-n four layer diode. However, 
in the case of this simulation, it is very dif- 
ficult to keep the “ randomness ” of the current — 
pulses. The current pulses are apt to fall 
into relaxation oscillation, and the condition 
to keep randomness is quite critical. 

Therefore, it may be concluded that the 
first rise of a microplasma pulse is induced 
by a high energy chance carrier, while its 
fall is governed by some internal feedback 
mechanism, which is still in question at pre- 
sent. 

The effect of oxygen impurity on the visible 
light emission has been reported in the pre- 
vious paper”. Recently, it has been found 
that very few light emiting spots can be 
observed in the junction formed on a crystal 
grown by floating-zone method, while the light 
spots are increased by heating these specimens 
in oxygen or oxygen-rich atmosphere. Since, 
however, our equipments to perform heat- 
treatment are not perfectly free from other 
chemical impurities, it may not be concluded 
that only the oxygen impurity is responsible 
for above mentioned change. 

4.4 Other remarks 

Magnetic field of 6000Gauss has been ap- 
plied either in parallel or perpendicular to the 
surface of the junction, but no effect could 
be detected on the microplasma pulses. 

When the junction is put into vacuum of 
10-*mm Hg, leakage current is considerably 
changed but no change can be detected on the 
appearance of the microplasma pulses. This 
result shows that the microplasma spot is 
rather isolated from the surface condition. 


§5. Conclusions 


It has been found that there are four types 
of weak spots in diffused silicon junctions. 
They can be classified on light emission, 
multiplication and microplasma current pulses. 

In real junction, these spots are distributed 
mixed and randomly in the junction, and the 
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current-voltage characteristic is closely cor- 
related with the existence of the spots. 

Type III spots have been found to be pro- 
duced by scratching on the surface by sharp 
needle. 

Experiments are still now being undertaken 
to clarify the mechanisms underlying micro- 
plasma pulses. 

The author wishes to express his apprecia- 
tion to Mr. K. Tachikawa for preparing silicon 


diffused junctions. 


References 


1) A. G. Chynoweth, et al: Phys. Rev. 102 (1956) 
369. 

2) M. Kikuchi and K. Tachikawa: Journ. Phys. 
Soc. Jap. 15 (1960) 835. 

3) Section (3.1) at page 839 of reference (2). 

5) M. Kikuchi and K. Tachikawa: Journ. Phys. 
Soc. Jap. 14 (1959) 1830. 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 10, OCTOBER, 1960 


Optical and Structural Anomalies in Potassium Ferrocyanide 


Trihydrate Crystals 


Hiroo Toyopa, Nobukazu NUZEKI and Shigeru WAKU 


Electrical Communication Laboratory, Nippon Telegraph and 
Telephone Public Corporation 


(Received April 16, 1960) 


Potassium ferrocyanide trihydrate crystals grown from aqueous solu- 
tion have been studied with polarizing microscope, X-ray diffraction 
methods, etching technique, and dielectric measurements at temperature 
region between 20° and —140°C. Various types of optical anomalies 
were observed, and the crystals were classified into five types by optical 
and X-ray investigations. Crystallographic data of monoclinic and tetra- 
gonal single crystals were measured. The various optic anomalies were 
clarified by twinning and parallel growth characteristic to the layer 
structure of the two modifications. Dislocation pits were observed by 
etching with a mixture of water and alcohol. Ferroelectric monoclinic 
phase, and the behaviors of tetragonal phase at low temperatures were 
studied by low temperature polarizing microscope, dielectric measurements 
and low temperature precession X-ray photographs. Teteragonal phase 
was shown to undergo a monotropic phase transition at about —55°C, and 


transform into a twinned monoclinic phase. 


§1. Introduction 

The authors reported previously the fer- 
roelectricity of potassium ferrocyanide trihy- 
drate (KsFe(CN).:3H:2O, hereafter abbreviated 
as KFCT crystals”, and pointed out that there 
appear several peaks in the dielectric constant 
vs temperature curve, and that the crystal 
exhibits some peculiar optical behaviors. In 
a resent study of Waku eft al?, it has been 
revealed for a monoclinic single crystal that 
the dielectric constant vs temperature curve 
shows only a single peak, and the polarization 


axis is along the [101] direction. 


The authors have found several type of 
KFCT crystals grown from the aqueous solu- 
tion with behaviors significantly different from 
monoclinic single crystals in optical, dielectric, 
and other properties. The authors have in- 
vestigated these crystals with X-ray diffraction 
method, polarizing microscope, dielectric me- 
asurement, and etching technique. 


1. Optical classification and X-ray study 


of crystals 
KFCT is known to crystallize in two types 
of modifications, one monoclinic and the other 
tetragonal. Hawever, because of the pseudo- 
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tetragonality of the former structure and also 
of the layer structure of both of them, samples 
of single crystals grown from solution show 
complicated varieties due to twinning and 
oriented overgrowth. By optical observation 
and X-ray analysis, the samples can be clas- 
sified into several types as follows. 

I. Monoclinic single crystal: Monoclinic 
crystal of KFCT is discriminated by its large 
optic axial angle, 2V=78°10’(—), X: '{101]= 
31°50’, as well as by Laue symmetry 2 (Fig. 
1(a)). By the use of rotation, Weisenberg, and 
precession methods, the unit cell dimensions 
were determined as a=9.380 A, b=16.84 A, 


(b) 
Fig. 1. Unfiltered MoK radiation, with crystal 


to film distance 40mm. Incident X-ray beam 
normal to the cleavage faces of crystals. 

(a) Laue pattern of monoclinic single crystal. 

(b) Laue pattern of tetragonal single crystal. 
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c=9.397 A and B=90°+3’, where the 0 axis 
of the crystal is taken normal to its cleavage 
face. The space group was assigned to be 
C2/c. These results are in agreement with 
those of Posperov and Zdanov*. 

II. Tetragonal single crystal: Tetragonal 
crystal of KFCT is identified by its uniaxial 
positive interference figure, and by Laue pat- 
tern showing the Laue symmetry 4 (Fig. 1 (b)). 
The unit cell dimensions were determined as 
a=9.410 A, c=33.67 A, where the c axis is 


chosen normal to the cleavage face. A space 
group I 4:/a was assigned. 
III. Crystal without extinction: In the 


observation under an orthoscope, the rotation 
of this type of crystals around the normal to 
the cleavage face brings out merely a slight 
change in interference color, and no extinction 


1960) 


C2 
Ci 
XI Ke 
Qi Qe 
(c) 
Fig. 2. Filled-in circles represent one individual 


of the twinning, and open circles represent the 
other. 

(a) Laue pattern of type III crystal. 

(b) Reciprocal lattice level hll of the above 
crystal. 

(c) Schematic representation of the relation 
between optic planes of two individuals. 


positions. The Laue pattern and a schematic 
representation of the reciprocal lattice level 
hil are shown in Fig. 2 (a) and 2 (b) respecti- 
vely. From the analysis, the crystal is inter- 
preted as a macroscopic twin of monoclinic 
individuals with the twinning axis along [100]. 
In this type of twinning, the optic axial planes 
of two individuals make an angle of 26° so 
that any extinction position cannot exist (Fig. 
2 (Cc) 

IV. Optically biaxial crystal without iso- 
gyers: Though the extinction positions exist 
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Fig. 3. Open circles represent the reciprocal lat- 
tice points unique to one individual. Those 
which h=l]=odd are common to both individuals. 
(a) Laue pattern of type IV crystal. 

(b) Reciprocal lattice level hll of the above 
crystal. 
(c) Relations between two optic planes. 


through an orthoscope for this type of crystals, 
main isogyers do not appear through a cono- 
scope and two dark points correponding to 
the apparent optic axes are observed (this 
unusual feature is explained in Appendix). 
The Laue pattern and the reciprocal lattice 
level All are illustrated in Fig. 3 (a) and 3 (b) 
respectively. The analysis showed that the 
crystal is composed of two monoclinic indivi- 
duals, whose orientations are mutally rotated 
around their common 0 axis so that two optic 
axial plane should be perpendicular to each 
other, in accordance with the observed optic 
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anomalies (Fig. 3 (c)). 

V. Optically biaxial crystals with small 
optic angle: Though main isogyers are ob- 
served through a conoscope for this type of 
crystals, the optic axila angle 2V is not only 
smaller than that of monoclinic single crystal 
but indefinite. These crystals do not show 
any evidence of macroscopic twinning in their 
Laue pattern. They are either tetragonal 
pattern containing some diffuse spots and 
streaks when 2V angle is much smaller or 
monoclinic pattern with some diffuse spots 
and streaks when 2V angle is relatively larger. 
This type of crystals is supposed to be com- 


(b) 


Fig. 4. Reciprocal lattice analysis of h1l preces- 
sion photographs is the same to the one shown 
in Fig. 3(b). 

(a) Laue pattern of tetragonal crystal at —35°C. 
(b) Laue pattern of tetragonal crystal at —65°C. 
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posed of monoclinic and tetragonal crystals 
which are stacked together with their cleavage 
planes parallel to each other in a microscopic 
scale, since, if this is the case, the crystal 
may be observed as optically homogeneous 
unit and its 2V angle may decrease according 
to the proportion of each modification. 

Some of the crystal samples actually ob- 
tained are found to be composed of combina- 
tions of the above five types. It takes place 
frequently the case in which an individual 
crystal in the macroscpoic twins or parallel 
growth is not always a true monoclinic crystal 
but is a crystal classified under Type V for 
which 2V angle is smaller than 78°. The 
crystals divided into biaxial quadrants by a 
crossed uniaxial band, such as shown in Fig. 
5, are also frequently found. It is usual that 
the neighboring quadrants across an uniaxial 
part have optic axial planes perpendicular to 
each other. The angle 2V decreases con- 
tinuously near the uniaxial band. 


Photographic 


igor picture of an abnormal 
crystal obtained through a polarized microscope. 
Dark areas are tetragonal and bright areas are 
monoclinic twinned crystal. 


§ 2. 


Low temperature precession photographs of 
KFCT crystal were taken with the cooling 
equipment described elsewhere‘. It has been 
established that the monoclinic phase (Type I) 
transforms to ferroelectric phase at —24°C. 
The unit cell dimensions —90°C were deter- 
mined as a=9.332A, b=16.6A and B=90°3’ 
+3’. The space group was assigned as Cc 
from the observed systematic absences of 
spectra and the observation that the polariza- 
tion axis lies in (010) plane. 

With the tetragonal crystal, Laue patterns 
were taken at various temperatures, and it 
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(c) 
Fig. 6. Change of interference color pattern at 
low temperatures. (x40) 
(a) —38°C. (b) —60°C. (c) —96°C. 
The patterns except (a) are all colored and the 
light and shade do not represent the biaxiality. © 


Fig. 7. Etch pits on cleavage face. 
(a) x150. (b) and (c) correspond the matching 


faces mee: 
The edges of the basal rectangles are parallel 


to [100] and [001]. 


was revealed the fact that an irreversible 
transition to monoclinic phase occurs between 
—35°C and —60°C (Figs. 4(a) and 4(b)). The 
study by precession method revealved that 
thus produced monoclinic phase gives the 
similar pattern as that of Type IV, indicating 
that the crystal contains two groups of mo. 
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noclinic components which are related to each 
other by 90 degrees rotation around the com- 
mon 0 axis. 


§3. Optical Observations at Low Tempera- 
tures 


By the use of an optical stage specifically 
designed for microscopic observations at low 
temperature, the observation down to —140°C 
could be carried out without disturbances due 
to icings. Dielectric measurement was also 
carried out in parallel. Conoscopic observa- 
tion, however, was not successful at low 
temperatures and was performed only at room 
temperature. 

When a tetragonal crystal (Type II) is cooled 
down, the interference color does not show any 
appreciable change down to about —55°C, 
where a fairly rapid change occurs with the 
increase of retardation. The color change 
starts from localized nuclei and spreads over 
the whole area. The temperature at which 
the change begins depends more or less on 
specimen and cooling rate, and it ranges from 
—55°C to —60°C. The intereference color 
does not show any rapid change neither by 
further cooling down to —140°C nor by heating 
up to room temperature, except a minute 
change just above —24°C, namely the fer- 
roelectric transition point. 

The crystal sample whose optic character is 
illustrated in Fig. 5 exhibits an interesting 
change. A typical case is shown in Fig. 6, 
in which the dark areas are uniaxial and the 
bright areas contain some biaxial components. 
As shown by Fig. 6(b), the boundary move- 
ment occurs around a fixed position and the 
patterns always remain radial. By the cono- 
scopic observation, it is revealed that the 
apparent optic axial angle has increased over 
the whole area after the cooling cycle. 


§4. Etch Figures 


When crystals of KFCT are etched in the 
mixture of water and alcohol, pyramidal etch 
pits appear on the clevage surface. The pits 
have some characteristic features such as 
follows. 

(a) Side faces of pyramids are composed 
of small steps. 

(b) The pits appear at definite positions for 
each sample. When a crystal is cleaved away 
into two parts and then etched, the pits of 
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two matching faces perfectly fit to each other, ,j), 
as shown in Fig. 7. 

(c) The number of etch pits is scanty (a\ 
few per millimeter square) for slowly grown 
crystals, while this number is great many for | 
rapidly grown ones. 


Fig. 8. Inclined etch pits. (300) 


OT 


Etch pit observed through a polarized 
SUS 


Fig. 9. 
microscope. 


Fig. 15. Laue pattern of type IV crystal taken 
with monochromatic radiation (Mo Ka, 45 ky 
20 ma, 1 hr). 


iy i 


(d) The pyramids are not always perpen- 
dicular to the cleavage face as shown in Fig. 


j Rez When etching proceeds, the tip goes ahead 
.along the inclined lines. 


(e) Etch pits have a close relation to the 
optical anomaly. In a crystal with a crossed 
uniaxial area, the pit density increases near 
this area and a markedly sharp pit appears 
at the intersection of the cross (Fig. 9). In 
the crystals of Type IV, a wedge shaped area 
distinguishable by difference in birefringence 
is often observed. In such cases the pit has 
an octagonal base as schematically shown in 
Fig. 10. 


ee 


Fig. 10. Etch pit with octagonal base. 
Birefringence of area A is smaller than that 
of B. Side face C of pyramid is composed of 
steps, while on the face D steps are not so 
marked. 


The observed results are similar to those 
found in GASH crystals by Nakamura®’, and 
suggest that the pits are closely related to 


dislocations in the crystal, and that the various 


optical anomalies may be caused at least partly 
by dislocations. 


85. Dielectric Measurement 


By a dielectric measurement, it has been 
shown for the Type I crystal that the polari- 
zation axis lies in the direction [101] which 


_ makes an angle of 32° with optic plane, while 


for an optically abnormal crystal, ferroelectric 


hysteresis loops are observed in two directions 


_ perpendicular to each other. 


Dielectric me- 
asurements so far reported” .”) were performed 
only for heating processes up to room tem- 
perature. The results obtained in cooling and 
heating runs together with optical observation 
are described below. 

When an teragonal crystal (Type II) is cooled 
down, the dielectric constant shows no ap- 
preciable change down to —55°C, where a 


small peak appears, and the dielectric hy- 


steresis loop appears suddenly, though un- 
saturated because of a high coercive field. At 
this temperature the structural transition to 
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the twinned monoclinic phase takes place as 
mentioned before. In the heating process, the 
anomaly at about —55°C disappears and the 
dielectric property shows the features charac- 
teristic to Currie point Tc=24°C, where the 
dielectric constant marks a sharp peak and, 
at the same time, the dielectric hysteresis loop 
disappears. 

A second cooling cycle differs considerably 
from the first one, but only slightly from the 
heating cycle. The Curie point is slightly 
lower than that for heating. The dielectric 
peak and the saturated polarization compared 
at the same (Tc-T) value are also smaller than 
those in the heating (Fig. 11). Though the 
temperature where the dielectric anomalies 
take place changes to some degrees from 
crystal to crystal, the general trend is common 
to all. 
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Joyver, Ale 
ture. 
Full lines represent dielectric constant in arbi- 
trary scale and dotted lines represent saturated 
polarization. 

I. First cooling. II. 
cooling. 


Dielectric measurement at low tempera- 


Heating. III. Second 


The properties as shown in Fig. 11 are ob- 
tained with an electric field along the direction 
inclined by 58° from the apparent optic plane, 
namely, the direction which is perpendicular 
to the polarization axis for the monoclinic 
single crystal. Measurements were repeated 
on the same crystal but with the filed per- 
pendicular to the previous one. The results are 
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shown in Fig. 12. Since the crystal has been 
once subjected to the cooling cycle, the fer- 
roelectric transition at —24°C appears even in 
a first cooling run. The anomaly in dielectric 
constant is more considerable and the spon- 
taneous polarization is larger than in Fig. 11. 
Differences of dielectric peaks and spontaneous 
polarization between the cooling and heating 
processes are noted again. It is worth men- 
tioning that the summation of spontaneous 
polarizotion along the two directions in the 
heating process is nearly equal to that of the 
monoclinic single crystal. 


50 
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Fig. 12. Dielectric measurement along the direc- 
tion perpendicular to that in Fig. 18. 
Full lines represent dielectric constant in arbi- 
trary scale and dotted lines represent saturated 
polarization. 


I. Cooling. II. Heating. 


It is interesting to note that the field cooling 
has no direct effect on the orientation of the 
monoclinic components. If the crystal ex- 
amined was perfectly tetrogonal and if the 
transition occured homogeneously throughout 
the crystal, the electric field applied across 
the transition point would bring out a mono- 
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clinic single crystal where [101] axis is parallel] 
to the field direction. The observed fact sug-} 
gests, therefore, that the original crystal is Fi 
the Type V with vanishing 2V angle. The? 
composition of the crystal after the transition: 
seems to be determined by a minute unbalance? 
between the two biaxial components in the: 
original state, and the effect of local crystal. - 
line field seems to be larger than that of 
electric field. | 

As described in Section 3, a minute change: 
of interference color pattern occurs just above: 
the ferroelectric transition point for a Type: 
II crystal which has been subjected to 4! 
cooling process. The color change corresponds 
to the decrease of retardation due to the par-. 
tial reappearance of the uniaxial component. ., 
The revived tetragonal part can not any fer-: 
roelectric contribution down to —55°C and! 
therefore, the ferroelectric behavior in heating; 
run is more conspicuous than that in the second | 
cooling run. 


§6. Discussion 

To understand the optical and dielectric: 
anomalis of KFCT crystals from the structural. 
view point, it is worthy mentioning briefly the: 
present knowledge on the crystal structure of | 
the crystal. The structure determination of 
monoclidic KFCT (Type I) was performed by 
Posperov and Zdanov, except for the coor- 
dinates of some H:0 molecules. This structure | 
can be considered as a double layer structure, 
the layer-staking unit of which is illustrated 
in Figs. 13(a) and 13(b). The structure pro- 
jected on (010) is also shown in Fig. 13 (c). 

The monoclinic unit cell is built up with 
successive double layers stacked with the shift 
by the amount a/2+6/2, namely by the C- 
centering vector of space group C2/c. The 
schematic diagram of this type of stacking is 
shown in Fig. 14 (a). In terms of the stacking | 
vector, G , the structure can be expressed by | 
the symbols such as, CCCRVC Can view 
of pseudo-tetragonality of double layers com- | 
prising Fe(CN). and K atoms, which can be. 
clearly seen in Fig. 13(c), we can conceive 
that the successive stacking operations A A 
Agr Ay where A represents a vector | 
c/2+8/2, would also result in a monoclinic | 
structure which is rotated 90° from the former 
structure around the 6b axis. The H:O mo- 
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‘lecules exist in layers between the double 
Jayers of heavier atoms. Among the twelve 
: ‘H:O molecules in the unit cell, eight molecules 
fare placed on equipoint 8(f) of C2/c, and 
Wspecifically at the midpoint of the centers of 
symmetry 4(c) and 4(d), according Posperov 
et al. Although the coordinates of other four 
} molecules were not determined by them, con- 
} sideration of the space group equipoints and 
{possible interatomic distances should place 
them at equipoint 4(e), namely on the two- 
fold axes, and approximately at the same 
level as the other eight molecules. Since the 
arrangement of H.O molecules in layer has 
¥ only two-fold symmetry, and not pseudo four- 
| fold symmetry, the orientation of the HO 


Fig. 13. Figures indicate the height above the plane in hundredth. (a) 


from Structure Report XI, pp. 423. 
(a) Single layer unit of KFCT crystal. 
(b) Double layer unit of KFCT crystal. 
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layer with respect to double layers in the 
second type of stacking should be rotated 90° 
around the } axis from that in the first type. 

The structure of tetragonal KFCT (Type 
Il) has a very close relations to that of mo- 
noclinic one. These relations can be stated 
as follows: (1) c¢ axis of tetragonal crystal 
is twice as large as the 0 axis of monoclinc 
one, while the unit cell dimensions of both 
crystals are otherwise almost identical: (2) 
The tetragonal reciprocal lattice level hkO is 
identical to that of monoclinic hl/ except the 
weak intensities for h=odd, J=even. These 
facts indicate that the tetragonal structure 
may pictured as the stacking of double layers 
such that the unit cell dimension normal to 


(c) 


and (b) are reproduced 


(c) Projection of KFCT crystal structure on (010). 
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the layer is twice as large as that for the 
monoclinic one. Furthemore, the tetragonal 
structure shows non-space group extinctions 
for J=4n, h and k=even, and for =4n+2,h 
and k=odd. (Space group requires the extic- 
tion only for /=even, h+k=even). The pos- 
sible stacking satisfying these observed extra 
extinction rules is illustrated in Fig. 14(c), refer 
ring to the monoclinic unit cell. In this model, 
the successive double layers are related to each 
other by four-fold screw axis of I 4:/a. Because 
of the tetragonal symmetry of layers themsel- 
ves, the relations can be again described by 
the shifts between layers, and the structure 


can be expressed by symbols such as, ACA 


ts. Wie Wes 
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Fig. 14. Double layers are shown only with re- 
spect to Fe atoms, and the origin is arbitrarily 
taken at Fe atom. 

(a) Vectors A and C of monoclinic lattice. 

(b) Stacking scheme of double layers in mono- 
clinic unit cell of KFCT crystal structure. 

(c) Stacking scheme of double layers in tetra- 
gonal unit cell of KFCT structure with mono- 
clinic notations. 


In view of the layer structures of two mo- 
difications of KFCT, it is most probable that 
the oriented overgrowth between the two types 
of structures may take place readily, and 
that mistakes in stacking may occur frequent- 
ly. Also the overgrowth between the two 
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types of monoclinic stackings may be con4 
ceived to take place readily. If the type off 
stacking is consistent over some macroscopic 
dimensions, the resulting crystals may beg 
crystallographically single crystals of Type I | 
and II, or the macroscopic twin or oriente 
overgrowth described as Type III or IV, 
Type IV crystals can be then expresssed as; 
AA AAIUICCCCe “ithe stacking fau! 
takes place in microscopic scale, the resultin 
crystal can considered as a mixture of tetra~ 
gonal and monoclinic components. ‘These cry- 
stal belong to Type V. 

The mistakes in stacking take place if the 
adjacent layers are related by, say, the shiit 


vector A when the normal sequence of layers 


should be related by vectors C. Mistakes ia 
a monoclinic structure can be represented 
as, CCC... Ouse AuGee OC. 

These mistakes will give rise to the ap- 
perance of diffuse spots in X-ray diffraction 
photographs, especially around the reciprocal 
lattice points with indices h+/=odd. Quali- 
tatively speaking, these diffuse spots are con- 
sidered as elongated parallel to b axis of 
monoclinic crystal, or to c axis of tetragonal 
crystal. Such diffuse rows are commonly ob-- 
served in rotation photographs around such) 
axes of Type V crystals. They also appear: 
as diffuse spots in Laue photographs of Type: 
IV crystals, as shown in Fig. 3(a). The Laue: 
pattern of the same crystal with monochro- : 
matized X-ray is illustrated in Fig. 15 to show 
clearly the arrangement of diffuse spots. De- 
tailed study of diffuse spots as well as the 
refinement of the crystal structure are in 
progress. 

The optical, X-ray, and dielectric studies of 
unidirectional transition of the tetragonal phase 
at about —55°C result in a consistent con- 
clusion that, after the transition of this phase 
into the monoclinic phase, the crystal becomes 
composed of oriented parallel growth of indi- 
viduals with two kinds of orientation. Uni- | 
directional transition, which is well known as | 
monotropy in structural chemistry, may be | 
explained by the free energy-temperature © 
diagrams, and it is usual that the monotropic 
change takes place in a heating process, 
However, this is not the case with KFCT 
crystal. | 

The authors have recently found some evi- 


f 


hdences for an irrevercible transition from 
monoclinic structure to the Type V structures. 
\When a monoclinic crystal is compressed along 
[101] or [101], the retardation observed along 
[010] decreases and remains unaltered after 
the removal of the external stress. The re- 


| change thereafter in the heating up to room 
itemperature. The dielectric measument was 


j.and showed that the anomalies at —38°, —45° 
fand 55°C appear both in cooling and heating 
| processes. These facts suggest that the sta- 
| bility of each phase and the peculiar transitions 
in KFCT crystals may be affected by me- 
y chanical stresses. Further theoretical and ex- 
‘) perimental studies are in progress to under- 
) Stand the processes of transitions. 
_ The authors wish to express their sincere 
i thanks to Dr. H. Hirabayashi for his helpful 
: discussions and to H. Iwasaki, K. Masuno and 
K. Nagata for their cooperations. 


Appendix 

Interference of light through a stacking of 
two thin crystals are considered. The normal 
' to the stacking layer is chosen so as to coincide 
hs with the optic axis for uniaxial crystals, or 

with the X or Z axis for biaxial crystals. We 

consider the following two cases: A, stacking 
* of an uniaxial and a biaxial crystals; B, two 
| biaxial crystals of the same kind so stacked 
' that the optic planes are perpendicular to each 
other with common X or Z axis. 
When light passing through the stacked 
crystals breaks up into four linearly polarized 
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lights, the retardations between them are given 
by 


ine 


utes ds Gren rand 


at {di (m1! —11"") +d (n2’ —n2’")}. 


Suffix and prime correspond to the stacking 
individuals and the propagating velocities, re- 
spectively. As readily seen from the crystal 
optical construction, the main isogyer becomes 
a cross at extinction position and otherwise it 
suffices to consider two polarized lights with 


the retardation tf 1(111’ —n1’’) —d2(n2’ —n2’’)}. 


The directions satisfying the condition d: (m1 — 
ni’) =d2 (n2’ —n2’’) appear as two dark points 
in a conoscopic pattern and are observed as 
the apparent optic axes. The apparent optic 
plane and optic angle depend on thickness 
ratio of component crystals. 

Actual observations on the isochromats and 
their changes due to the reduction of thickness 
revealed that the Type IV crystal of KFCT 
contains both cases of A and B. 
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Thomas-Fermi-Dirac Model of Compressed Ions | 


By Shigehiro KOBAYASHI 
Department of Physics, Kagawa University, Takamatsu 
(Received April 27, 1960) 
The Thomas-Fermi-Dirac (TFD) method is extended anew to ions in 


the compressed state and the series expansion coefficients of its TFD | 
function near the boundary are given. 


§1. TED Model of Compressed Ions 


In a previous paper! we have shown that 
the simple Thomas-Fermi (TF) model, which 
has been applied to the treatment for the 
compressed state of atoms as well as for the 
free state of atoms and ions”, can be extended 
to the compressed state of ions. In this paper, 
we wish to formulate the TFD model of com- 
pressed positive ions in the similar way. 

We shall treat a compressed ion with atomic 
number Z and electron number JN. 

The requirement that the total energy E of 
the TFD model of the ion shall be minimum 
with respect to variation of the electron den- 
sity o, the total number of electrons being 
kept costant, leads to 


: rp Sat VEani Venice Caen 


3 
or 


8 
or) =ar5 (2me)?"|{ Vir)— Vote? }}2+7]8, (2) 


where Vo is the Lagrange multiplier expres- 
sing the maximum potential for the electron 
in the ion and 


hig SS = (3727)2/%e2a, 


( Aa? \¥2  (2me)1/2 
os = is 
aa h : 

Another requirement of self-consistency 
that the electrostatic potential V shall be 
created by the electronic cloud of density 0 


and the nucleus of the ion is simply expressed 
in Poisson’s equation 


4V=A4zoe . (3) 


Combining (2) with (8) and using the ordin- 
ary notations 


; If Qype NYE 
Y= Uk, w= ( oe a, (4) 
V—Votr?= Ze 9 (5) 


and 
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B=t(p/Ze)+/? = 63/4(2Z)?/? (6)) 
under the assumption of the spherical sym- 
metry, we can obtain the so-called TFD equa- 
tion 

bp’ =x (b/x)? + BP (7H 
and the electron density represented in term 
of 
Ln 


ofl 5 


(8) 


Ze 
= 1/2 3 
ia 1+ 8) 
By the use of the thermodynamic relation, 
we can compute the pressure 


Gime ls 4/3 1/3 
a 3 Pk) {2K.p(R)3 — Kut 
dependent on the boundary density o(R), 
where v is the volume of the ion. 

The solution of (7), namely the TFD func- 
tion dz,q,x for the state of ionization degre 


q=(Z—N)/Z and of boundary radius R=yX! 


N 


o(x) = 4 


jar (9) 


Fig. 1. The TFD function ¢(a) for compressed 
ions. From Fig. 1 it can be seen that the 
particular values of Z, g and X determine uni- 
quely a ¢-curve in the assembly of the ¢-curves 


starting from ¢(0)=1 for the particular value 
of Z. 
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must satisfy at the nucleus (v=0) the condi- 
Fon O(%o) = cx De, si =(0).002127 a)-3 (13) 

bz,q,x(0)=1: nucleus predominates (10) independent of Z and N. Accordingly, with 
and at the boundary (x= X) the conditions V(ro)=(Z—N )e/ro we obtain from (1) 

Ze 15 

bz,q,x(X)> X: finite pressure (11) omar ae et co 
Bad and from ae 

2,q,x(X)—Xp'z,q,x(X)=@: esas tcJ=-te ms : (15) 


net charge=(Z—N)e. (12 
ge— Je. (12) For the compressed state, Vo should be 


As is well known, for the free state of the chosen, following Slater and Krutter®’, in such 


’ 


ion with the boundary radius 7=yx%(>R), a way that the potential V in the immediate 


which corresponds to the zero pressure, (9) neighborhood of the nucleus has a value in- 


i} gives the boundary density dependent of the boundary radius, that is 


Ze 
V=V= at el tous 4 MB ral 


for the compressed state 


=) ee MRT ao a= |} SSS ae im / 
V LUXo ae ae Ly ES + 459) %q (O) + Ree eo. | 


for the free state 


ought to agree with each other up to the constant terms as well as to those in 1/x. Thus, 
Vo takes the value 


Vaal $4 O-P'nnatd 24 09 


16 
dependent on gq and X. 
This expression of Vo for our general case is naturally reduced to (14) for the free state 
and to the expression (7) in the previous paper” for the compressed TF model in which the 


exchange effect is neglected («,=0, r=0). 


The expressions (5), (8) and (16) enable us to calculate various physical quantities for ions 
in the compressed state. 


§2. Series Expansion Around the Boundary 
The TFD function z,q,x(x) for the compressed ion can be expanded around the boundary 
point X in a Taylor series such as 


dajyx(O=e0OX+h(X—2x)+h(X—x)P+t(X—x)F+...., (17) 


where a?=z,q,x(X)/X, particularly in the free state a=8/4 due to (15). 


The expansion coefficients up to and including ?¢, are given in terms of B(Z), g, a(X) and 
X as follows; 


1 
n=—a'+{sa} 


x 
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The bracketted parts depending on g in 
these expressions are proper to the ion, and 
the rest parts coincide with the coefficients 
for compressed neutral atoms given by 
March®. 

The author would like to express his sincere 
thanks to Professor K. Umeda of Okayama 
University for reading the manuscript and 
giving many advices. This work was sup- 
ported by the Scientific Research Fund of the 
Ministry of Education. 
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The thermomagnetic properties of a compound Mn,As were inves- 
tigated together with the phase diagram of Mn-As system. From the 
results of measurements of the temperature dependence of magnetic 
susceptibility and specific heat of the compound Mn,As, it was found 
that this alloy is antiferromagnetic with the Néel point at 573°K. The 
reciprocal of its susceptibility obeys the Curie-Weiss law in the high 
temperature range, but a considerable deviation therefrom can be seen 
just above the Néel point as in the case of ferrimagnetism. Based on 
the Curie constant obtained by the present experiment, the effective 
magneton number was calculated to be 5.2 per manganese ion. The 
total heat absorption due to the vanishing of antiferromagnetic order of 
spins in the present alloy was estimated to be 230 Cal/mol. A discus- 
sion based on the molecular field theory is given on the nature of the 


sublattices. 
‘moments, the formation of new types of spin 
ordering is to be expected because of the 


above-mentioned magnetic properties. 


§1. Introduction 


In the crystal lattice of CuzSb type com- 
pounds the cation sites are thought to form 
a deformed face-centered lattice, which is 
divisible into two sorts of non-equivalent 
If such cations have magnetic 


presence of such a peculiar type of magnetic 
lattice structure. But very few magnetic 
measurements for this type of compounds 


| have hitherto been done, except those for 
SVineSb.? 5) 


The present authors undertook 
a study of the magnetic properties of a com- 
pound Mn:As, whose crystal structure was 
reported by Nowotny and Halla* as belong- 
ing to the above-mentioned type. The phase 
diagram of manganese-arsenic system was 
once studied by Guillaud!) and Sweeny and 
Scott.» The results obtained by these authors, 


‘however, were not sufficient for the prepara- 
' tion of our specimens. Here, the results of 


X-ray, thermal and magnetic analyses are also 
presented which have been carried out in 
order to study the phase diagram of the 
present system. 


§2. Preparation of the Specimen 


The specimens used were prepared by the 
ceramic method. Manganese (99.9%) and 
arsenic (99.9%) powders were mixed in the 
desired ratios in the composition range from 


MnAs to Mn:.;As, sealed into evacuated 
quartz tubes and heated in an electric furnace. 
To avoid explosion of the tubes during heat- 
ing, the mixtures were heated up slowly in 
72 hours from room temperature up to 900°C 
at which they were kept for 48 hours. After 
the reaction was completed, the specimens 
were cooled slowly down to room tempera- 
ture in 72 hours. Since the compound Mn3- 
As», which was supposed to be formed by a 
peritectoid reaction between the compounds 
MnAs and Mn:As, had a transition point be- 
tween 750°C and 775°C, the reaction products 
whose composition was nearly Mn;As. were 
annealed more at about 700°C for 72 heurs. 
In order to obtain homogeneous specimens, 
all the reaction products were crushed, well 
mixed, again heated to 770°C, kept for 48 
hours, and then cooled to room temperature 
in 72 hours. Such prepared specimens, 
however, did not show any difference from 
the original ones in their magnetic properties. 
Every portion of the specimen thus obtained 
showed a similar thermo-magnetic behavior. 

§3. Phase-diagramatic Study of Mn-As 
System 


First, the thermal analysis was made in the 
composition range from x=1.0 to 2.0, « being 
the Mn content in the formula MnzAs*. The 


* The compositions of the specimens indicated 
here are the charged contents. 
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results are shown in Fig. 1. A peak of latent 
heat type in specific heat vs. temperature was 
observed invariably at 750°C, for the speci- 
mens with compositions 0<*<1.6; the peak 
temperature shifts to 775°C for the specimens 
with 1.7<x<2. The amounts of such end- 
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the system Mn-As. 
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othermic energy are plotted against Mn con- 
tent in Fig. 2. As shown in the figure, the 
amount of heat absorption increases almost} 
linearly with Mn atomic percent from the: 
composition of MnAs to Mn;Asz, reaching a 
value 260 Cal/mol at ca the latter. It de- 
creases again linearly from Mny.;As to Mns- 
As starting from a different value of 400 Cal/ 
mol. Besides, the value of specific heat was 
not influenced by the lowering of the heating 
rate of the specimen down to one-third of 
that in the former case. Moreover the transi-. 
tion temperature and the amount of heat! 
absorped were not influenced by the anneai- 
ing of the same specimen at 700°C for 24 
hours. These facts can be explained by as- 
suming the presence of a narrow single phase: 
field near the composition Mn;As2, which in- 
volve a phase transition from 7 to 7’. The 
transition point will be 750°C on the As-rica 
side and 775°C on the Mn-rich side. In the 
As-rich region, this phase coexists with the 
compound MnAs, and in the Mn-rich region, 
with the compound Mn:As. (Fig. 3) 

Next, the crystal structure was investigated 
by means of the X-ray powder method. The 
diffraction lines from the specimen of th 
composition MnAs could be indexed as thos 
from the NiAs structure with parameters a= 
3.72 A and c=5.70 A (c/a=1.53), which “cq 
incided with the result by Oftedals”, and} 
their relative intensities also coincided with: 
the result by calculation. On the other hand, 
the diffraction lines at the composition Mn».3- 
As were indexed as those from the crystal 
structure of Cu2Sb type with parameters a= 
3.78 A and c=6.25 A (c/a=1.65) in accordance 
with the result due to Halla and Nowotny”. 
At intermediate compositions between MnAs 
and Mn:.3;As, the diffraction lines from the 
NiAs structure or that from the Cu:Sb struc- 
ture became weak with the increase of x 
from x=1 or with the decrease of x from 
x=2. At the same time, new diffraction lines 
which could be attributable neither to the» 
NiAs nor to the CuzSb structure became? 
strong correspondingly. In the region be-- 
tween z=1.5 and 1.6 only these diffraction) 
lines were seen. Combined with the result 
of specific heat measurements they are to be» 
attributable to 7’—phase. (Table 1.) The in-- 
tensity of these lines becomes maximum neart 
x=1.5. Diffraction lines from the Cu2Sbj 
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Table I. The result of X-ray analysis of 
Mn;As, at room temperature. 


Target: Cu 
Scattering angle | Sin? @ 
Intensity 
6 | Observation 
5, | 
VS | 20° 45/ 0.1253 
S | 22ee5! 0.1433 
S | 24° 30/ 0.1710 
S 26° 36/ 0.2005 
vs | 29° 18/ 0.2410 
WwW Slee4s/ 0.2780 
oa 
1200 ad 
MnAs(¢) Mn3Asal y) Mn2As( B) 


Temperature 


i} 


Go GSO en NO aS 
Concentration 
GH: present measurement 


80 
Mn atom % 


Fig. 3. Phase diagram of Mn-As system. 


structure begin to appear near x=1.6 and 
only these lines are seen at the region of x 
greater than 2.0. The lattice parameters cor- 
responding to Mn2As and y-phase (the diffrac- 
tion angles of the lines) remain unchanged 
for all specimens measured. On the basis of 
these crystallographic and thermal studies, 
MnAs, MnzAs, or y -phase is stable in a 
range of composition including x=1.0, 2.0 or 
1.5 respectively. It is also established that a 
two-phase field is existing between MnAs and 
Mn;3Asz or between Mn3As2 and Mn2As. 

In order to investigate the nature of 777’ 
transformation mentioned above, powder 
photographs were taken of the specimen with 
%=1.5 quenched from temperatures above the 
transition point, however, no change in the 
diffraction pattern was found. It was also 
confirmed by means of a high temperature 
camera that no change in the patterns oc- 
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curred above this transition point. On the 
other hand, both diffraction lines from the 
CuzSb structure and from manganese were 
observed near x=2.5, showing that this com- 
position is inside of the two-phase region 
with the CuzSb structure and a—Mn. 

Based on the results of X-ray and thermal 
analyses, the phase diagram of Mn-As system 
was constructed, as shown in Fig. 3. 


§4. Thermomagnetic Measurements 


The magnetic properties of the specimens 
were measured by means of an automatically 
recording magnetic balance.” The magnetiza- 
tion curves of the compound Mn;As: at liquid 
air temperature was measured up to the 
strength of magnetic field of 10,000 Oe, (The 
technical saturation was reached at 8000 Oe). 
As shown in Fig. 4, it is also seen the 
magnetization at high field changes linearly 
with the inverse square of magnetic field. 
By extrapolating the value of magnetization 
to infinitely strong field, the saturation 
magnetization is obtained to be 17 gauss/gr. 
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& 10 
fo} 
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Inverse square of tne magnetic fiel 
Fig. 4. Specific magnetization of Mn;Asz vs. 


inverse square of the magnetic field. 
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Fig. 5(A). Thermomagnetic curve below the 


Curie temperature of Mn;Asz. 
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[he saturation magnetization varies linearly 
with 7/2 below 150°K. The saturation value 
at absolute zero of temperature, obtained by 
extrapolating the linear part of the os—T*/? 
curve, is 17.2 gauss/gr or 0.314, per Mn 
atom. The thermomagnetic curve of this 
compound under the magnetizing field of 8000 
Oe is shown in Fig. 5 (A) and Fig. 5 (B), 
which shows the Curie point lies at 0°C. 
From the Curie constant, 2.1, obtained from 
the slope of the 1/y—T curve, the effective 
number of magneton per Mn ion was calculated 
to be 4.1. 


Xgx10* Lugs 


¢.0S EMU) | 


100} 
80} 
mi 


20 


Susceptibility 
L 
° 


Inverse of susceptibility 


i) 
° 


) 
400 1000 «, 


600 


0 y 
-200 ° 200 800 


Temperature 


Fig. 5(B), Thermomagnetic curve above the 

Curie temperature of Mn;As,. 

Ue 3! fi 

10 

Xqg 
(c.6.s E.M.u) 

80}; 2 see a 
SS ee 

> Loe — 
= leo Nee 
5 60 
a 
o 
8 
3 40 
zs) 

o 

» 20 

g 
S 

— A i 
(e) 200 400 600 800 000°C 


Temperature 
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From the results of thermomagnetic 
measurement the compound Mnz.3As behaves 
like an antiferromagnetic substance with the 
Néel point at 300°C. As shown in Fig. 6, 
the reciprocal of susceptibility follows the 
Curie-Weiss law at high temperatures, but 
decreases rapidly just above the Néel point 
as is in the case of ferrimagnetism. The 
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specimens with lower Mn concentration show 
a weak ferromagnetism with Curie point at 
0°C as well as an antiferromagnetism with 
maximum susceptibility at 300°C. The molar 
magnetization obtained by extrapolating to 
0°K at the magnetic field of 8000 Oe de- 
creases linearly, as shown in Fig. 7, with in- 
crease of Mn concentration and vanishes at 
67%, which again confirms the specimens in 
the region 1.66<*<2.0 are the mixtures of 
Mn;As: and Mn2As. Actually, however, the 
specimens with the value of x slightly greater 
than 2 (e.g. Mn2.iAs) shows a_ negligibly 
weak ferromagnetism with a Curie point at 
0°C. It was difficult to avoid a trace of con- 
timination of MnsAsz in this composition 
range. 


gauss 


MOlar magnetization 


50 60 70 
Concentration Mnatom% 
Fig. 7. Saturation magnetization vs Mn con. 


centration. 
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Fig. 8. Specific heat of Mn.,3As vs. temperature. 


The measurement of specific heat near the 
temperature at which the susceptibility of 
Mnz.3sAs attained maximum was carried out 
by means of an adiabatic calorimeter®. The 
result of measurement is shown in Fig. 8. 
An anomalous peak of specific heat was 
observed at about 300°C corresponding to the 
Susceptibility maximum of this compound, 
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and the excess heat absorption is estimated 
to be 230 Cal per mole of mangenese. 


§5. Discussion of the Result 


Now the magnetic properties of the com- 
pound MneAs will be discussed. In the crystal 
lattice of Mn:As there are two sorts of cation 
sites A and B, as shown in Fig. 9, which are 
surrounded by arsenic ions tetrahedrally and 


Fig. 9. Mmn:As structure and its sublattices. 


octahedrally respectively. If we _ restrict 
ourselves to a case in which both cation 
layers, A: and #&, in the present crystal 
lattice have net spin moment, as is confirmed 
in the case of Mn:Sb,* it is sufficient to take 
into account the four molecular field coeffici- 
ents: (1) inter-layer molecular coefficient 
between B,(B,), and B:2(B;), (2) inter-layer 
molecular coefficient 78: between Ai and B, 
(B,), (3) inter-layer molecular coefficient nf. 
between A, and B2(B;) and (4) intra-layer 
molecular coefficient mr in the planes Ai as 
well as As. The molecular field Ha, Hai, 
etc. acting on an ion ata lattice point of Aj, 
B, etc. are expressible as 
Ha=n(6iMoit 8i1Mat+ 82M 2+ B2Mos) 
+nyMa, 
Hm=n(6i\Ms,+82Ma2)+nMa, etc. 

Here Mu ect, represent the magnetization 
vectors of sublattice Ai etc. for one mole of 
material respectively. In this case four types 
of spin ordering illustrated in Fig. 10 are 
expected to occur; one ferromagnetic, one 
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ferrimagnetic and the other two antifer- 
romagnetic (I, I]).* The corresponding Néel 
temperature for the antiferromagnetic cases 
is given as follows: 


dems 5 [n(2C.4¥ —Cz)+|n|{(Ca+2Car)? 


+16C4C2z(8i—B2)?}/?]. 
In each case the paramagnetic susceptibility 
x above the Néel temperature is given by 
following equation: 


al ave T- To es T . (1) 
x “s 1/2-(Ca+Ce) T-—9@ 
Where 
‘id 2 2 
Ta =— 8’Ca+Cp) (4C1CpB+Cz?+2C27), 
_ _nCsCn | r. E 
d= S(Ga+-G) (-F27 48), B=B,+ 8:2, 
n?CaCz 


= 39(Ci4 Cap (Call ~28)+ Ca2B— 27), 


and C4 and Cy, are the molar Curie constants 
of A and B ions respectively. The second 
term in the right-hand side of Eq. (1) causes 
an appreciable deviation from the Curie-Weiss 
law in the temperature range just above the 
Néel point. 


Fa ee = /\) > Sa 
==> —=—= Br ag eee 
emery (emir oo = = 
a en 
cosa eer B ¢ae00 sammed 
seman Goons Bg s2a=p oeu= 
Ferro Ferri Anti. | Anti.2 


Fig. 10. Four possible types of spin ordering to 
stracture. 


If the peak in the susceptibility vs. tem- 
perature relation for the compound Mn:As 
mentioned above can be attributable to an 
antiferro-paramagnetic transition as discussed 
here, the predicted deviation from the Curie- 
Weiss law can be seen in the magnetic 
susceptibility of the paramagnetic region of 
the compound MnzAs: The full line of the 
susceptibility curve shown in Fig. 6, is given 


* The lattice points in the layer A;, are also 
divisible into two sublayers A, and Aj. In such 
cases some other types of antiferromagnetic order- 
ing are possible such as M4; = — May’ and >'Mz,=0, 
and A ions and B ions form respectively antifer- 
romagnetic spin ordering with different Néel tem- 
peratures, 
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by putting Ta=1947°K, (Ca+Cz)/2=3.34, t= 
10000°K and 0=490°K (and Tw=570°K) in 
Eq. (1). Using these values, possible values 
of the molecular field coefficients are calcula- 
ble. If we assume sextet and quartet states 
for the manganese ion of A and B sites (the 
values 4.38 and 2.30 are adopted for C4 and 
Cz respectively), the molecular field coefficients 
can be determined as shown in table II. a., 


Table II* Coefficients of molecular fields. 
(a)* | (6) 
C4=4.38 Cz=2.30 Czr=CR=sret 
sa 2 G2 Sua Sae 
‘Ss a ga=2 ga=9n=2.12 
or or 
4.3 
(Sa=3 gn =2.22) eines 9 ) 
28 ts \g4a=9B=2 
n=-—0.61 x10? | n= —1.82x103 | n= —1.31 103 
rele y¥=0.47 7 =0.84 
Bi, +82=2.3 Bi +B2=0.84 | By-+e_B=1.12 
|B; -FB.| =1.7 | |b: +6,|=0.18 |2,+82|=0.18 


and the results for the case in which quintet 
states are assumed for both ions, are listed 
in Table II.b. In both cases the calculated 
Néel temperature based on these coefficents 
is higher than the calculated ferrimagnetic 
Curie temperature corresponding to the same 
values of coefficients, showing that the antifer- 
romagnetic ordering is stable in general, but 
the calculated internal energy of ferrimagnetic 
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structure at 0°K based on those molecular 
field constants is lower than that of antifer- 
romagnetic structure, predicting an antiferro- 
ferrimagnetic transition may occur at low 
temperature. This prediction is, however, 
not yet confirmed. The theoretical estima- 
tion of the anomalous heat absorption in this 
antiferro-para transition based on the mole- 
cular field treatment is 1150 Cal/mol. 
Although experimental value of 230 Cal/mol 
is far smaller than the value, a part of the 
discrepancy may be attributed to a too crude 
estimation of the lattice heat which must be 
subtracted from the above value. 
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In the presence of a uniform external magnetic field, the initial value 
problem for a longitudinal electron oscillation in a fully ionized plasma 
is treated in the range of the linear theory under the assumption that 
collisions are negligible and that the angle @ between wave vector and 
magnetic field is not equal to 7/2, and Re(s)+0 on the complex s-plane. 
It is shown that, if we determine the indicial condition that the solution 
of initial value problem varies as exp (ik-r+at), where a is a complex 
valued frequency, then for Re(a)<0 (damped wave) there appears an 
indeterminancy in the dispersion equation of the potential, and for 
Re(a)>0 (amplified wave) each dispersion equation of the proper plasma 
oscillations, the perturbed velocity distribution function, and the potential 
are coincident. As a typical example, the case in which the equilibrium 
distribution is Maxwellian is discussed. 


more these are determined uniquely. How- 
In the presence of a uniform external mag- | ever, although for damped wave the dispersion 
| netic field, a longitudinal small amplitude ; equations of the proper plasma oscillation and 
| oscillation of electrons in a fully ionized | the perturbed distribution function are deter- 
plasma has been treated by I. B. Bernstein” mined uniquely, there exists an indeterminan- 
| and E. P. Gross?) when collisions are negli- CY in the dispersion equation of the potential, 
gible. The former assumed that the initial because the equation involves an arbitrary 
perturbed distribution function is an entire constant. When the constant 1s zero, the 
function, so that the problem was only re- equations for the distribution function and 
stricted to the proper plasma oscillation. The the potential are coincident. Because of the 
latter discussed only the stationary solution arbitrary constant, there appears the Doppler 
of electron oscillations propagating perpen- shift which is determined by o=ku cos 0+-nQ 
dicular to the magnetic field. However, they in the distribution function providing that an 
did not take into account of the effect of initial distribution function gives a solution 
initial perturbed distribution function. of the potential which varies exp (¢k-r + at). 
Therefore, we solved the initial value prob- In §1, basic equations of the plasma oscil- 


Introduction 


lem for the perturbed distribution function, 
and determined the indicial condition that the 
- solution of the problem varies as exp (¢k- r+ att) 
where @ is a complex valued frequency, on 
the condition that the angle @ between the 
wave vector and the magnetic field is not 
equal to 7/2, and Re(s)#0 on the complex 
s-plane. This indicial condition becomes a 
dispersion equation of a complex valued fre- 
quency. 

The dispersion equations for the proper 
plasma oscillation, the perturbed distribution 
function, and the electrostatic potential are 
obtained. For amplified wave, we find that 
these equations are the same, and further- 


lation are derived from the linearized Boltz- 
mann equation and Poisson equation by use 
of the Laplace transform method. Initial 
value problem is treated in §2 and a disper- 
sion equation for proper plasma oscillation is 
obtained. An indicial condition that the distri- 
bution function and the potential become a 
solution of the form exp (ik-r+at), is deter- 
mined in §3. As a typical example, the case 
in which the equilibrium distribution is Max- 
wellian is discussed in §4. 


§1. Basic Equations 
Let f(r,v,t) be the distribution function 
for electrons, which satisfies the Boltzmann 


1851 


1852 I. KagI and M. KiTo (Vol. 15,, 


equation 


of x90 =8l «p95. -penca yn aolale me 


where ¢ represents the electrostatic potential and —e is the electronic charge. The problem} 
is restricted to merely longitudinal electron oscillation, so that, instead of the full set of! 
Maxwell equations, the Poisson equation is employed. Considering a system which departs § 
only slightly from thermal equilibrium in an external magnetic field, we linearize the Boltz- 4 
mann equation, neglecting the collision term into 


Of: ,, Of: Of qi ean GaeenO inl | (1.1)) 
att pues maha Poni Tee EOS ; 


and the Poisson equation into 
4p=4ne| flr, v,t) av , (1.2) 


where the subscript 0 refers to the steady state, and 1 to a small perturbation. Since (1.1)) 
and (1.2) are linear, it is sufficient to consider a solution of the form /fixs(v, te” and § 
gx(t)e’*". In terms of the Fourier component and the Laplace transform, (1.1) and (1.2)) 
become 


SRR ep pel LOD Sey ay re aan (1.3) 
mc Ov m Ov 


—k-kb(s)=Anel Fe, s) av , (1.4): 
where 


Fo, =|" ful (PPOs W9)=|" ould Cm Ob (1.5) ) 


and we use fix(v,0)=F*(v). Introducing the cylindrical co-ordinates in the velocity space 
v=e.w cos d?+ewsin d+esu , (1.6) | 

and putting 
k=e:ksin0+e:k cos 6 , Bo=e3Bp , GlEY/ ie! 

we have from (1.3) | 


ae 1 : Of | 
a a (otik: pre cere © bk. ey (1.8) | 


where 2=eB)/mc is the gyration frequency. The deduction of (1.8) is essentially the same | 
as in Bernstein’s procedure. 
Substituting (1.4) into (1.8) we have the equation for F(v, s) 
OF 


Ob +5 {s+ik(wsin 0 cos @+ucos OF=—\F* +i mee k- eral ; (1.9) | 


From Appendix A, the periodic solution of (1.8) is given by 


1 4 , / / ie % / 0 / | 
Fe.)=5\" 6.4, 0F*wd6 — Frit | 66.09 2h dé’; Re(s)>0, 1.10} | 


where 
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G(s, 6, #)=exp | — SEBS) (gr) — theo sind (ain g sind} (1.11) 


Combining (1.4) and (1.10), we obtain for Re (s)>0 


o 
= oa aol Gls, 6, &)F*(v’) de’ 
d(s)= Sin ta aps (1.12) 
Bo \ael’ G6.4,0 k- SLay 
m Ov’ 


2Q 


—oo 


(1.9) and (1.12) are our basic equations. 


| §2. Initial Value Problem 


For any given initial distribution function F*(v), we can express the potential, given by 
(1.12), as a function of the variable t by means of the inversion integral. This integral can 
be evaluated by using the residues of the poles which arise from the analytic continuation 
- of (1.12) assuming that there does not exist any complication such as a branch point. Then 
| y(t) is expressed by the modes corresponding to the poles. After a sufficiently long time, 
there will remain only a mode having the smallest damping factor, so that we obtain the 
dispersion equation from this single mode. In (1.12), the poles consist of poles of the numer- 
ator which depend on the initial distribution function, and zeros of the denominator which 
depend on the proper characteristics of the plasma. If F*(v’) in (1.12) is an entire function 
of wu, the numerator is also an entire function providing 0#(z/2), as we see in Appendix C. 
Therefore, the singularities of (1.12) consist only of zeros of the denominator, and these 
correspond to the proper plasma oscillations. Thus we have, for Re(s)>0, the dispersion 
equation 


ve | ao)" G(s, 6, OK - Sfo ayy =0 : Re(s)>0. (2.1) 
2 om ae Ov 


' For Re(s)<0, putting P=k-0f,/0v’ in (B.3) of Appendix B, we have 


2 ) 


47?.Q . nT ist+3(n—m)2 ) , ‘ 
—ji— )Han{f —~———— ) |=0; Re(s)<0 (2.2) 
bcos 6 ES exp ( ‘ 2 ) ( kcos @ s) 


pe el ao\” G(s, 6, ok Lae’ 
m eco Y 


by using (C.4). 


§3. Dispersion Equations of a Complex Valued Frequency 
In this section, let us decide an indicial condition that each solution of the basic equations 
(1.9) and (1.12) becomes a solution of the form e® where @ is a complex valued frequency, 
by choosing an initial distribution function F*(v) properly. These conditions are dispersion 
equations of a complex valued frequency. In what follows, the dispersion equations of the 
perturbed velocity distribution function and the electrostatic potential will be discussed. 
3.1 Dispersion equation of distribution function 
Consider the indicial condition that fis(v, f) e*"” becomes a solution of the form exp (2k-r-+at), 
where a is a complex valued frequency and Re (a)+0. Putting 


fu(v, He*'=F*v) Gli Relat ae (GpIb) 


we have 
Fulo, D=F*w)e" . (3.2) 


Therefore, the Laplace transform of (3.2) gives 
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Substituting (3.3) into (1.9), and multiplying both sides of (1.9) by (s—@), we have 


ORS Tie si iveey. is aration 2h pe ato 3.4) 1 
a pops {a+ik(w sin 0 cos 6+u cos 0)}F am es ( 


Normalizing as 
[Fr@ao=1 ; (3.5) 


we obtain 


ase eg ee x1 Ane?) Of 3.6 
ai ae g (@+ik(w sin 6 cos $+u-cos 8)" =e ae (3.6) 


This can be solved by using Appendix A; therefore, we have for Re(a)>0 (amplified wave) 


*(y) = th Ane (* gh ee ah 3.7 
PHO) =e ge |_ Fb Re Gee ae, G.7) 
and for Re(@)<0 (damped wave) 
Py=t ia “att Gla, b,.6)k 22! ay . (3.8) 
mk Ov’ 


If we substitute (3.7) and (3.8) into the indicial condition (3.5) we obtain the dispersion | 
equations; 


ae ae 
et = av| Gla, 4, wk 25s dv’=0; Re(a)>0, (3.9) 
idee | A ce aeaie (ee 

era a of de'=0; — Re(a)<0. (3.10) 


Inversely, if we take (3.7) and (3.8) as F*(v), on the condition that (3.9) and (3.10) hold, 
then we obtain a solution /fi(r,v,¢) of the form exp(k-r+at), therefore, we can prove that 
the solution is uniquely determined by the indicial condition (3.5). Furthermore, under the 
above indicial condition, we can obtain a solution of the potential g(t) which varies as e, 
but we find that the solution of the potential satisfies a more general condition than (3.5). 
These affairs will be seen in the next section. 


3.2 Dispersion equation of electrostatic potential 

In the proceeding section, we have obtained a dispersion equation for the aan ae func- 
tion. But what we observe in the laboratory is a fluctuation of the electrostatic potential. 
In this section, therefore, we consider a solution of the potential which varies as exp (tk-r+at). 
In what follows, it will be shown that for damped wave an indeterminancy appears in the 
dispersion relation. 

Generalizing (3.6), we consider the equation, provided that 0+(z/2), 


* - 
Fy ty lat ietw sin A cos $+u cos 0) }F* = e = aa Bet chtw | ; (3.11) 


where C is an arbitrary constant, and h(w) is a function of w. From ‘Appendix A, the solu- 
tion of (3.11) for F* is given by 


ree Arce” 
2 mk? 


o 
|G 1,0) Bet eh) | as ; Re(a)>0, (3.12) 
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Pat Ane \ 


— y; 0 0 
ae Gla, 6, 1k 224 CHew) | do" ; Re (a)< 0. (3.13) 


Ve multiply the derivative of G(s, ¢,¢’) in (1.11), 


OCS. O08 Neel 
Og Gh B 


{s+zik(w sin 6 cos ¢’ +ucos 0)}G(s, ¢, ¢’) , 


hy F*(v’) and multiply (3.11) by G(s,¢,¢’). We i : 
; 5 Oy O-). e integrate over ¢’ the diff 
|qnations thus obtained, then we have for Re(s)>0 j PGI Srenee iia leaky 


$ 


\" G(s, ¢, 6) F* dd’ = 2 [Ft i a 
ia, Sau 


2 0 0 
ae Gs, $9) Sec tw) | da’ | (3.14) 


Ov’ 


by use of this equation, the numerator, Jv, of the basic equation (1.12) is given by 


_ _ Ane t Ane? , 0 
y= — EE aoe ine | avl" Gs, 0") |. oon Chiw)| ae | eas: 
'f we take in (3.15) 
i 47e?* ¢ 

per, =a | aol G(s, 6, #)C h(w) db’ =1 (3.16) 

ps an indicial condition, then for the potential ~ in (1.12), we have 

ap 41 4 Mon 

Oe were UWE (3.17) 


the following dispersion equation: 


for Re(a)>0 (amplified wave) 


1 4ne? i aol Ga, d, a oh dd’ 


b ¢ 
+| aol Gla, 6, #C hw) ad’ —{ aro” Gls, 6, #)C hw) dd" J=1, (3.18) 
for Re(a)<0 (damped wave) 
oN Peni 
Eee | aro! Cla, 9, 00k Gy ab 
+| aol Gla, 6, 6°)C hw) aw—| aol G(s, 6,¢)C hw) db’ |= (3.19) 


In order to express (3.18) and (3.19) in the form of explicit formulas, let us examine the 
integral concerning h(w) with the aid of Appendix B. Putting P=h(w) in (B.3), we have 

6 du 

a ee ree tla : : 
Pee Od) hw) de j 2 lee (s—im®/2)+ iku cos 0 


es 


r+) =| aol 


2722 272.2 H (0) 
= ———_ ene Bi ae ee R s)2 0 ’ 
+ Fc0s 8 Sa ies rae) e(s)2 


=) (a) 5 Re (a) 20 , 


where HO)=\"whw) dw+7:0. These are independent of both s and a, Therefore, (3.18) and 
0 


(3.19) are reduced respectively to 
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be aol" Gla, , 6)k- oh ag=0 0; Re(a)>0, (3.20) 

2m 0 

ee aol" Gla, ¢, OK: ois ° dg’ — Snes GH) |=0 ; Re(a)<o0. (3.21) 
2m es kcos 


It is very interesting to note, for a damped wave, as we have seen in (3.21), that there 
appears an indeterminancy in the dispersion relation, because (3.21) involves an arbitrary} 
constant C. When @ is equal to zero, (3.20) and (3.21) become Berz’s result, namely, (3.20 
and (3.21) correspond to her Eqs. (12) and (10) respectively; 


Cee 


@Ei Fou) du+2rikCy . 


Wo a u—olk 


Next, let us investigate the behaviour of the distribution function F(v, s) in (1.10) unde: | 
the above indicial condition (3.16). Substituting (3.14) and (38.17) into (1.10), we have 


ho eee \" G(s, 6, oC h(w) de’ . (3.22% 
s-a 2 mR s—a)j_n 


In (8.22), if we take C=0, it gives a sufficient condition which the distribution function 
varies as e*. Let C#0. The relation 


exp {izsin $}= 5) Jn(z) e”? 


leads to 
ie < Aw) Jn(kw sin 6/2) ikw .. : dy 
G h(w) dv’ = } oe 
ea (s, 6, 6’) h(w) dv’ = 2 4 ilkucos 0+ 2) ex 0 eee ee ; 
Substituting this integral into (3.22), we have 
1 Zt 4re?C t 4re®C iB 
FO, 3)=—_ | F*§—-—_—— r,| = : 
rag aa 2 mk? = a 2 mk? nw s+i(kucos@+nQ) ’ @ i 


where 


ye 2 hw) Jr(kw sin 6/2) exp {—(ikw/Q) sin 6 sin } ting} — 
a+i(ku cos 0+n2) 


Since Re(a@)#0, Mn is not infinite. From the inverse Laplace transform, we have 


i AneC 4 | 
Ai ol Erber tb} — pane = 7 eee exp {—i(ku cos 0+n2Q)t} . (3.241 


,H=1F*— 
Fuld, t) 2 mk? “n 2 mk 


Therefore, there appears an angular frequency w=kucos@+n2, which is determined by thes 
Doppler shift. 


§4. The Case of Maxwellian Distribution 


As a typical example for each dispersion equation obtained in $2 and §3, let us take th | 
case of Maxwellian distribution 


3/2 2 
(v)=N xp( — 2 
Ete i 2 a exp( 2xT }° 


Putting P(u, w, ¢’) =k-(0fo/0v’) in (B.3) of Appendix B, we have 
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P(u, w, $’)=h-s(u, w) e-**’ + Ino(u, w) + ha(at, w) oe? 


! where 
hilu, w)=h-1(u, w)= Aww exp {- Mee w+w%)! 
2eL , 
ho(u, w)= Aru ' Lh 
0 iu exp nT (u?+w?)' , 


Ay=—N m ( m \3/2 F 
: 267 a Slate 


A a m 3/2 
1 ETN OneT kcosé. 


Hence from (B.4), we have 


Alu, B)=Au(**) exp | _— = —22 sina } . 


it 

F(a, Bro A ay 2kB sin 0 ae its ee 

| i(u, B)= Ao eta 7 EPC are T 2Asin2B | , 
and 

Hi=—-M, 5 
where 
Pee ite oh Pc get 
A=? ee SincO ny k- ee cos?6 . 


Therefore (B.7) is reduced to 
I*(9)=2n\"" aul "d@A| Hol B)—ile!®-+e-") Hsu, p)| =D |—G+ik Cone oi Deer 
—co 0 


Integrating over uw and replacing 28=y, we have 


I*(9)=i2N (Zh) |" dya sin y+ py) exp = a — = Hy A(1—00s y) , (4.2) 
0 


Using 


“Fy | exP | ~ Py AL—c08 9) | |- —(Asin y+) exp| — + ay*—(1—c0s 9) : 


dy 2 
we obtain for 4>>0, and ~>0, i.e., O#(z/2) 
r(9=ion (25) 1-5" 4,9) ay} ;  Re(s)>0 (4.3) 
(eIF 2 0 
where 
A(s,9)=exp | 2 = py*—i(1— cos 9) ly 


For /-(s), we can apply the same procedure, so that we have 


1-9 =ien (2) 14-5) 469) ay} : Re(s)<0. (4.4) 


On account of the condition 0#(z/2), both J+(s) and J-(s) converge for any value of s 
and define the analytic functions on the s-plane (throughout. Moreover, the difference of 


I*+(s) and J~(s) gives rise to 
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I(s)—I-(9)= iN Sy As, y) dy . as 


From the above evaluation, each dispersion equation is given as follows. 
1) Ampblified waves; Re(s)>0 ee 

In this case the dispersion equations for the proper plasma oscillation, the distributio: 
function and the potential are coincident and are given by 


| 
L+hat=5\"As,9) dy, (4.6 
0 


where a is the Debye length. It is interesting to note that there exists no indeterminancy 
in (4.6). Bernstein showed that there exists no root in this equation. 
2) Damped waves; Re(s)<0 
a) The proper plasma oscillation 

The dispersion equation is obtained by analytic continuation of (1.12), but since J*(s) is at 
analytic function throughout the s-plane, the equation is (4.6). Using (4.5) we find that 


a) — 0° 


ItHat=—5 |" Asst G) AG 9a =), 46904. C 
2 2 2 Jo 


b) The perturbed distribution function 
From (3.10) we have 


< 0 
Lthat=—I A(s, y) dy. (4.5 


c) The potential 
From (3.21) we have 
4r2iC w,a? 


A(s, y) dy -———_ —— H(0) , (4.9 


o 0 
1+ =—5\ 
“ 2 kcos@ N 


where w,* is defined by w,?=(47e2N)/m. 
The writers wish to express their sincere thanks to Professor Y. Ozawa of University o 


Hokkaido for his continual guidance and encouragement. 


Appendix A 


Let H(¢) be a bounded periodic function of the period 2z in ¢, then the periodic solutioi 
of the period 2z for the equation 


dF 1 . . 
ein + ts tik(w sin 0 cos ¢+u cos 0)}F=H(¢) (A.1I 
is given by 
p 
ra)=| G(s, 6, @)H(@) de’; Re(s)>0, (A.2) 
ob 
r)=\ G(s, 6, 6)H($’)db’; Re (s)<0, (A.3) 
where 
Glsadn O)cext | s SHHE COS Coane sn P Ging oin oy (AA 


A proof is as follows. For the general solution of (A.1), we have 
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$ 
F(#)=AGs, 6,0+| G(s, 6, @ Ho’) dg’ (A.5) 
0 
where A is an arbitrary constant. Since F(¢)=F(¢+2nz); n=+1, +2,---, we have 


ie G(s, 6, 6) He’) de’ 


AG(s, $,0)= 1—exp (—2n7z6) (A.6) 
where 
d=(s+ikucos 6)/2 . 
To obtain A, which is independent of n, let m be a positive integer and /=0,1,---,n—1. 


Furthermore, if we put ¢’+2(n—1 —1)=¢”, and consider the / subdivision of interval [0, —2m], 
then we have 


|", C6 6, 8H) a6" 


=[exp {—2(n—1)x0d}+exp {—2(n—2)xd}+--- +f) 


G(s, >, 6) Hg’) dd’ 


, exp (—2n70) \ GUS, 6, 6 EG) de™ 


~ 1—exp(—276) 


—22 


Therefore, (A.6) becomes 


| G(s, 6, 6) Hb’) de’ 


1—exp (— 270) (A.7) 


AG(s, ¢,0)= 


For a negative integer 7, it is easily shown that 


G(s, 6, &) H(¢’) dd’ 


CAG Oe rs COTO) nuh 


and, by the same way, becomes again (A.7). Since (A.6) and (A.8) converge to 
0 
\ GHab for] | Re (3)>0", 
and 
0 
\ GHdé’; for Re(8)<0 
respectively as woo, we obtain (A.2) and (A.3). 


Appendix B 


We consider the typical integral 


1(9)=| ao" 


G(s, 6, &)P(v’) de’ ; for Re(s)>0, (Bal) 


r={ aol” G(s, ¢,¢)P(v’)dé’; for Re(s)<0, (B.2) 


where G(s, ¢,¢’) is given by (A.4). If we introduce the cylindrical co-ordinates 
v’=e.w cos ¢’+e.w sin ¢’ +e3u 


in the velocity space, and if we assume that P(v’) can be expressed such that 
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oe | 
P(v’)=P(wcos 9’, wsin b’, u)= 3 Inlu, w) ein?’ (B.3) 
Hel, 2) =|" w Jolzw)hrn(u, w) dw (B.4) 
0 
Balu, Saas a s Anm(u) ee ; (B.5) | 


if we assume furthermore, that each right hand side of the above relations converges uni- | 
formly, then (B.1) and (B.2) are reduced to 


= EATEN GPE A Ae ee SER ONE Fert Ress) ON 

PM(S)= 2m 2m exp( 2, Ise hy eae oe oe ‘ti 
For J*(s) a proof is given in the following. (B.3) is obvious since P(v’) is a function of the 
period 2z with respect ¢’. Substituting G(s, ¢,¢’) given by (A.4) into (B.1) and setting 
¢—¢’=28, we have 


its) = S |" au) "a2 exp | 0 


N= — co 


_ (sttkucos 6) 28 


co 2a ; 
x| w dw ha, w)\ exp {— “2 2cos (d—8)sin B—in(d—28)| dd . 
0 0 

Considering the transform ¢—8=7 of the variables, and the periodicity of the integrand 
concerning the integral over ¢, we have 


I+(s) = 5 |" aula) exp | — Sees?) 28—in( a+>) 


x an\ Fi Gee w il w) dw . (B.7) 
0 

Let Hx be the Fourier-Bessel transform of hn, then putting z=(2ksin 0 sin B)/2 we have (B.4). 

Moreover, noting that H, is a function of the period 2z for 8, we have the Fourier expansion 

(B.5). Substituting (B.5) into (B.7), after the transform y=28, we have 


HOE = 27 exp 7 “ii Hon) 


—o 


x | dy exp] — 24 s-+ikw cos a+ Fmt | : (B.8) 
0 


For /~(s), we make the same reduction, and the result is given by 


+ 


I(s)= EE 2rexp ‘=a ei hea cea 


sa dy exp| — 5 {s+ ikw cos 0+i Fmt | : (B.9) 


0 


Integrating (B.8) and (B.9) with respect to y, we have (B.6). 


Appendix C 
In this appendix, a function is the analytic continuation of J *(s) given by (B.8), is obtained 
and compared with J~(s). 
Consider the analytic continuation of the typical integral of J *(s)% 
a Anal 
= oe OP du (C.1) 
kcos@ 


Vinee | 


-2 
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| to the left half of the s-plane. If all Annu) are an entire function of u, Ynm(s) for Re(s)>0 
can be continued by Landau’s method?). Hence, let us displace the path of integration in 


the complex w-plane in such a way that the point u=t{s+i(n—m)2/2}/k cos 6 always lies above 
‘the path of integration, then 


vy a, Anm(u) 
Ynm(s) \, wes s+i(n—m) 2] —du 


kcos 6 


is also an entire function. Therefore, we have 


Ynm(s)=Ynm(s); for Re(s)>0 (C.2) 


Ynm(s) — Ynm(s) +221H nm (i se a ) ; for Re (s) <A) (G3) 


kcos@ é 


Using (C.2) and (C.3) we obtain the analytic continuation of /*+(s) to the left half s-plane 


By 477.2 _ int . stiln—m)2/2 
| POS) SLi 2 Proeey PIP exp ( : )Hon( ae 0 (C.4) 


It should be noted that the condition 6+(7z/2) is necessary for this continuation. 
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The space charge effect in the measurement of a photocurrent of 
additively colored KBr was investigated by using the repeated pulsive 
illumination and applying the d.c. and a.c. electric fields. The space 
charge polarization may arise from the accumulation of the electrons 
trapped in the surface states, the depth of which is about 0.3 ev. The 
condition for the absence of space charge was ascertained to be realized 
by adopting the a.c. field and the pulsive illumination synchronized 
with plus and minus peaks of the a.c. field. The temperature-dependence 
of pulse photocurrent was measured by varying the duration of the pul- 
The time constants of current-decay after switching- 
off of illumination were also observed. Three kinds of electron-traps 
were found, the one corresponding to F’ center and the other two to the 
unknown centers. The activation energies for releasing the electrons 
trapped in these centers were estimated to be 0.44, 0.35 and 0.43 ev 
respectively. The growth and bleaching of optical absorption bands 
were investigated in relation to the above electron-traps. A detailed 
analysis for the trapping kinetics was made to apply to additively 


sive illumination. 


colored KBr crystals. 


Introduction 


Sr 
In the measurement of photocurrent in color- 
ed alkali halides crystals, the d.c. method has 
been adopted for its simplicity, in which the 
d.c. field and the light pulse of comparatively 
long duration were used in almost all 
cases..0@) In this method the space charge 
field should be built up in a specimen. One 
must decrease light intensity ‘or change the 
polarity of the applied field alternatively for 
each measurement, to avoid the undesired 
effect. Further, in the d.c. method, the time 
constant of decay of the photocurrent after 
the switch-off of illumination conld not be 
measured accurately, because of the non- 
uniform field in a specimen and the inherent 
long time constant of a d.c. electrometer. 
The photoconductivity due to the F-band 
light in additively colored alkali halide crystals 
shows abrupt increases at two different tem- 
perature ranges, The first relates to the 
steep variation of the quantum efficiency of an 
electron from F center to the conduction 
band and the second to the thermal release 
of an electron trapped in F’ center. Von 
Gerick investigated these problems by means 
of the pulse photoconductivity measurements 
in KCl. He used light pulses of 10-! sec and 
1.5x10-® sec and applied the d.c. field. He 


observed that the thermal release of the 
electron of F’ center occurs at +20°C and 
+100°C for the above pulse durations respec- 
tively. The releasing temperature of F’ 
electron was known to be —100°C for the 
light pulse of the order of 1 sec. From these 
data Seitz estimated the binding evergy € 
and the time factor ro of F’ electron to be 
0.42 ev and 10-™ sec, respectively. It is 
desirable to get € and ct. from the direct 
observation of the decay time of photo- 
conductivity in each temperature. 

In the present work we used additively 
colored KBr crystals purified by the recry- 
stalization technique and adopted both the a.c. 
field and the light pulse to avoid the space 
charge effect. The condition for the absence 
of space charge was ascertained and the 
temperature-dependence of pulse photoconduc- 
tivity under the condition was investigated, 
varying the duration of light pulse. A decay 
time of conductivity after turn-off of illumina- | 
tion was measured between —170°C and room 
temperature. From the above two experi- 
ments € and t» of some trapping centers | 
which are effective at these temperatures 
were estimated. The characters of traps | 
were discussed, taking into account the | 
information from the thermal bleaching and | 
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The KBr crystals employed in this investiga- 
| tion were purified by repeating the Kyropoulos 
} method and colored additively. The concentra- 
| tions of F center were 1X 1018/cm*, 2 1018/cm? 
f and 9.7x10'*/cm’, and the dimenssions of 
specimens were about 1x2x3mmi. 
distance between electrodes was about 1mm. 
A specimen was attached to electrodes directly 
by silver paint, or thin mica sheets were 
_ inserted between a specimen and electrodes. 
| The property of photoconductivity was not 
| different so much in the above two cases 
' under the condition free from space charge 
| described latter. For this reason almost all 
| the specimens used in this work were attached 
to electrodes directly by silver paint unless 
otherwise stated. 


Experimentals and Results 


ee 
The 
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The skelton diagram of measuring apparatus 
is shown in Fig. 1. The pulsive illumination 
was synchronized to the commercial power 
supply of 60 cps. There peated light pulses of 
the duration ranging from 90 sec to 800 sec 
were made by using a rotating mirror and 
the light pulses of 30, sec by the instant 
discharge of a Xenon lamp. The light was 
filtered by an interference filter the transmis- 
sion peak of which lies in F band of KBr and 
the pass band of which is about 40my, and 
was soft-forcused so as to illuminate a surface 
of a specimen uniformly. The electric field 
applied to a specimen was supplied from the 
commercial power line, the peak voltage being 
synchronized to each light pulse by shifting 
the phase. 

The current pulses caused by pulsive illumi- 
nation were amplified by the A-1 wide band 
amplifier improved so as to have a better low 


Cryostat BOC es 
Thermocouple (~~) 
Phase Shit | Phase . Time 
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y Pre- 60 cps Main 
ig 
bal or 
Filter Char 


oi : 
Light Pulse z 


(30rps.) @ 60c.p.s. 


Fig. 1. 


frequency characteristics,“ and the rejection 


device for 60 cps was put between the pre- 


amplifier and the main one to avoid picking 
up the 60 cps voltage through a capacity of a 
The total. gain of the amplifier is 
1.4x10° in maximum and its band width of 


specimen. 


amplification ranges from 200 cps to about 10° 
cps. A decay-time shorter than 20 usec could 
not be detected practically because of the 
comparatively dull shape of the illumination 
pulse. 

A decay-time constant longer than 1.5 msec 


The measuring device of pulse photocurrent. 


could not be measured by the above device 
for the low frequency character of the am- 
plifier used, so the device for measuring the 
photoconducting Hall effect used by one of us 
was applied for observing a long decay-time.” 
This device is applicable for measuring the 
ac. photoconductivity and consists of a 330 cps 
oscillator, a tuned amplifier and a differential 
one, and a cathode-ray oscilloscope. In our 
experiment a sodium glow lamp was used for 
a light source because of its rapid quenching 
illumination. After the stationary alternative 
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photocurrent was built up in the specimen by 
applying the a.c. 330 cps field and irradiating 
with the steady F-band light, the illumination 
was suddenly switched off. Then the hori- 
zontal time sweep of the oscilloscope was 
started to observe the decay-time of the alter- 
native photocurrent in the vertical axis of the 
oscilloscope. The dacay time was obtained 
from the envelope curve of the 330 cps photo- 
current-decay on the oscilloscope. The band 
pass amplifier used for this method had a 
broad band width to avoid the inherent 
decay effect of the amplifier due to its Q- 
value. The input impedance was less than 
2MQ. Using this device, a time constant of 
current-decay longer than 2x10"? sec was 
measurable. 


(1) Space Charge Effect 

In the measurement of photocurrent in 
insulators such as alkali halides and silver 
halides, it has been well known that the 
photocurrent decays gradually as time passes 
on account of the space charge polarization } 
due to accumulation of carriers..2©0 To 
investigate this effect in detail, the variation 
of photocurrent with time due to the repeat- 
ing pulsive illumination was measured by 
applying the a.c. and d.c. fields. The applied 
electric field was 1X10%volts/cm in both 


4xI0¢ 


~ 


Ne = 1X10'6/em3 


(0) | 2 3 4 5 
==, (eC) 


Fig. 2. The variation of pulse photocurrent with 
time. 
(A) a.c. field of 60cps, light pulse of 120, sec 
and 30rps. 
(B) d.c. field, light pulse of 120 sec and 30 rps. 
(C) d.c. field, light pulse of 560, sec and 30 rps. 
The field strongth is 10% volts/cm in all cases. 
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cases, and in the case of the a.c. field the 
pulsive illumination was synchronized to the | 
peak value of the ac. field. Fig. 2 shows | 
the experimental results. In the figure the 
zero point of the abscissa corresponds to the | 
time when the initial light pulse irradiates | 
the specimen, while the electric field is being | 
applied. | 
At room temperature the a.c. field led to 
the constant value of pulse photocurrent and | 
the values at every time were nearly equa! 
to the initial value of the pulse photocurrent 
of the d.c. field. Curve A in the figure cor- 
responds to 7 (pulse photocurrent) vs ¢ (time) 
curve under the condition that the pulse 
duration was 120 sec and the repetition of 
the pulse was 30rps and the applied peak 
field was 10? volts/cem. From Curve A the 
condition for the absence of space charge 
seems to be realized in the a.c. field at least 
at room temperature. On the contrary, if the 
applied field was d.c., the pulse photocurrent 
due to the repeated photopulse decreased as 
time passed. The larger was the duration of 
the photopulse and the stronger was the in- | 
tensity of it, the smaller the decay time of 
phococurrent resulted. Curve B and C in the 
figure show the decays of the repeating pulse 
photocurrent corresponding to the cases that 
the durations of the light pulse were 120.4 
sec 560 4 sec respectively and the d.c. fields 
of 10? volts/em were applied. In both cases 
the intensity of illumination and the repetition 
of the light pulse were the same. The total 
charges which flowed before the currents 
decreased to l/e of their initial value are 
equal for the above two cases. From the 
fact, the space charge field due to the charge 
of about 1.5 x10-!° coulomb/cm? flowing in one 
direction decreases the pulse photocurrent, 
when the d.c. field of 10? volts/cm is applied. 
We measured the initial photocurrents both 
under the condition that the pulsive illumina- 
tion was set on when the d.c. electric field 
was being applied, and under the condition 
that the d.c. field was applied suddenly under 
illumination of the repeating light pulses. In 
both cases initial currents were equal, so the 
ionic space charge is negligible in the period 
of measuring time even at room temperature. 
Further, we measured the temperature- 
dependence of pulse photocurrent under the 
following condition, (1) the light pulses of 
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30 rps were synchronized to both the plus and 
| minus peaks of the applied a.c. field (Case I), 
ij (2) the light pulses of 30 rps were synchronized 
| to only either of plus or minus peaks of the 
i | applied a.c. field (Case II). The cycles of the 
‘} applied voltages and the intensities and dura- 
}tions of illumination were the same in both 
cases. In Fig. 3, Curve I corresponds to 
i} Case I and Curve II to Case II. In the 
| temperature region above about —80°C. the 
4 
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Fig. 3. The temperature-dependence of pulse 
photocurrent. In the figure the conditions of 
synchronization between the periods of illumi- 
nations and fields are different in the two curves. 
The periodic relation of the light pulses to the 
a.c. fields are shown in each case, too. 


absolute values of pulse photocurrents in both 
cases were nearly equal, but in the region 
| below —80°C the photocurrent in Case II 

was smaller than the one in Case 1. Strictly 
‘speaking, in the latter region of temperature 
the pulse photocurrent in Case II was equal 
to one in Case 1 at the initial time when 
- illumination was turned on, but decayed slowly 
to the value on Curve II after 10~30 sec. 
This result indicates that at low temperatures 
the free charges swept to one direction were 
immobile and accumulated near the one of 
the electrodes, neither being drawn backward 
nor spread uniformly over the specimen by 
the a.c. field. In conclusion the condition for 
the absence of space charge in all temperature 
region of this work can be realized by using 
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the light pulses synchronized to both plus and 
minus peaks of the applied a.c. field. 

The field-dependence of the pulse photocur- 
rent under the condition for the absence of 
Space charge was examined at room tempera- 
ture. Thin mica films were inserted to prevent 
the field emission effect due to the high electric 
field used in this experiment. As shown in 
Fig. 4 the pulse photocurrent is linear to the 
applied field up to 9x10? volts/em, and then 
the saturation effect appeared gradually at 
higher fields. These results show that the 
condition for the absence of space charge was 


Ne = 2x 10'°/ crn? 


at room temperature 


{ (Arbitrary unit) 


E x10 (volt/cm) 


Ne 

Fig. 4. The field-dependence of pulse photocur- 

rent. The thickness of the specimen is 4x 

10-1cm, and the concentration of F center is 
2x 1016/cm3. 


realized. The effect of inserting mica sheets 
(about 10- cm thick) between a specimen and 
electrodes to the pulse photocurrent was as 
follows. If the a.c. field synchronized to the 
pulsive illumination in the peaks was applied 
and the condition for the space charge free 
state is satisfied, the insertion of the mica 
sheets is hardly effective to the pulse photo- 
current. But when the d.c. field was applied, 
a tenth of the initial pulse photocurrent was 
lasting to flow even after very long time, if 
mica sheets were not inserted. While the 
pulse photocurrent disappeared at last com- 
pletely, if mica sheets were inserted. This 
effect may be attributed to the fact that the 
space charge polarization should be weakened 
by the field emission from the electrode, if 
the mica sheets were not inserted. 
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(2) The Effect of Light Pulse Duration on the 

Temperature-Dependence of Photocurrent 
The maximum values of pulse photocurrents 
for the light pulse durations of 30 4 sec, 90 4 
sec and 800 u sec respectively were measured 
under the condition free from space charge 
as mentioned in Subsection (1) of this section, 
by varying the temperature from —170°C to 
room temperature. Fig. 5 shows the results 
of the measurement. The scale of the ordi- 
nates in the figure is arbitrary, and we shall 
discuss only the inclinations of these curves 
in this figure. Curve I, If and III are the 
photocurrent vs temperature curves for 304 
sec, 90 u sec and 8004 sec light durations 
respectively. In the figure the cusps at —32°C 


and +2°C in Curve I correspond to —50°C 
in Curve II and to 


and —8&°C —74°C and 


4x10} 


{ (Arbitrary unit) 


Ne = 97% 10'Y cr? 


2 
-200 -I60 


-!20 


-80 
TAG) 
Fig. 5. The temperature-dependence of pulse 

photocurrent in various pulse durations. 


-40 O 40 


—30°C in Curve III, respectively. It is 
observed that the cusp points shift towards 
lower temperatures, as the pulse duration is 
increased. However, it is noticable that the 
cusps at —105°C in all curves do not shift. 
We shall call these cusps O:, O2 and O; from 
low to high temperature. On the other hand, 
the a.c. photocurrent induced by steady il- 
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lumination and 330cps a.c. field was measu- } 


red. In this case the stationary state was 


attained in several sec. 
Curve IV of Fig. 5. The definite cusps can 
hardly be seen in this case. 
nearly the same as Glaser’s one for the d.c. 
field case. 

The current-decay were observed at Oz, Oz 
and about —100°C. The facts that the pulse 


photocurrent increases abruptly at the tem- . 


peratures of O2 and O; and the inclination of 
the photocurrent-temperature curve under 
steady illumination differs very much from 
these of other curves under pulsive illumina- 
tions at the higher temperatures 
—100°C, are closely related with the tempera- 
tures of the current-decay. 


(3) The Current-Decay 
Light Pulse 

In this measurement the pulsive illumination 

synchronized to the plus and minus peaks of 

the applied a.c. field was used. In Fig. 6 


after Turn-off of 


10 
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oO 
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ISOM =I20 4-80 


if, ARG) 
Fig. 6. The temperature-dependence of the fast 
current-decay. 


40 0 40 


the time constant ty for the decay-current | 
after turn-off of pulsive illumination is plotted H 
The extremely small | 
values of ty (~20 4 sec) at the low tempera- } 
They are only the | 
The 


in each temperature. 


tures are insignificant. 
indication of the upper limits of cy. 
fast current decay was observed in the vicini- 


ties of O2 and O; point, as seen in the figure. | 


Both the maximum value of rt; and the tem- 
peratures for the maximum were almost in- 
dependent of F-concentration of specimens. 


The temperature- | 
variation of the photocurrent was shown in | 


This result is || 


above 
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Al The maximum values of ty decreased to about 
| a quarter of the original values by deforming 


’ _ the specimens by 10%. 


(4) Slow Decay after Steady Illumination 
The apparent difference between the 
features of pulse and steady photocurrent was 
seen at the higher temperature than —100°C 
as seen in Fig. 5. This fact suggested that 
a slow decay of a comparatively long time 


‘* constant (>10-? sec) should be concealed in 


the measurement of pulse photocurrent. 


ie) 


oO © Ne =97X10'Yer3 
D 16 3 
a 0 Me = 2 x10°/em 
oO 
WV 
IO" 
io L—— 
eI6Or ico, IoC. aTa0 0 40 
: Pte) 
Fig. 7. The temperature-dependence of slow 


current-decay. 


The time constant ts of the slow decay 
was determined by measuring the photocur- 
rent under 330cps alternative field after 
switching-off the steady illumination. The 
results were shown in Fig. 7. The decay 
of the a.c. photocurrent could not be observed 
below —100°C. This may be due to the fact 
that at lower temperatures the number of the 
electrons trapped in the center is small 
because -of the small yield for photoexcita- 
tion of F-electrons to the condition band 
during illumination and the long time is 
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necessary to release the electrons from the 
center. 

From the results described in this and the 
last subsection, the slow current-decay of ts 
should be followed by the fast decay of ty 
immediately after the illumination had been 
switched off in the complete absence of space 
charge. 


(5) The Field-Dependence of Pulse Photocur- 
rent 

One of us estimated a (apparent mobility 
of electron)xt. (apparent lifetime) to be 
1~3x10-® sec in uncolored KBr crystals, 
from the observation of the dependence of 
the internal secondary electron current caused 
by pulsive electron bombardment with its 
duration of 104% sec on the a.c. field strength 
applied to the crystal.“ In the present 
work the dependence of pulse photocurrent 
on the applied field was investigated for ad- 
ditively colored crystals. The duration of 
light pulse was 90 u sec and F-concentration 
of the specimen was 9.7X10!*/cm.? Fig. 8 


Ng = 9,7 x10'°/cm? 
5x1072cm thick 


oA 
oe, +20°C 
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3 4 
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Fig. 8. The field-dependence of pulse photocur- 
rent in each temperature. 


shows the results, where the thickness of the 
specimen was 5X10-*cm. The saturation 
effect of the current was not so clearly 
observed, because the light was irradiated on 
the whole surface of the specimen. Using the 
Hecht formula for the points deviated from 
the straight line by more than 10%. “tu 
was estimated roughly as shown in Fig. 9. 
In the figure, the values of at. for the 
specimens of 2%10!*/em F-concentration and 
for uncolored ones at room temperature are 
plotted for comparison. 


§2. Discussion 


(1) Space Change Effect 
Space change formation occurs whenever 
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charge carriers cannot pass freely across the 
junction between the specimen and one or 
both of its electrodes. Von Hippel and others 
performed nearly the same experiment as 
the present work and proposed that the space 
charge should be formed near the cathode of 
a specimen. 


4x10e. 


» Ne =9.7X10'/cm3 
» Ne = 2x10'6/ cm? 


- uncolored 


So 
> 
a> 
5 

~10" 
‘Ss 
° 
=e 

—8 

fo -100 -50 0) 
ie (MC) 


Fig. 9. The temperature and F-concentration 
dependence of pata. The circular correspond 
to 9.7x10!6/cm? of F-concentration, the cross 
to 2x101!9/cem? of F-concentration and the 
square to uncolored. 


According to the present results, however, 
an amount of total charge which flowed in 
the d.c. field untill the space charge field was 
formed was so small as 1.5107! coulomb/ 
cm?, which was about several hundredths of 
the value estimated by von Hippel under the 
condition for no field-emission. 

In our experimental condition electrons may 
be accumulated near the anode and vacant F 
centers or negative ion vacancies near the 
cathode, because both electrodes seem to 
have the blocking properties. So, it seems 
to be unsuitable to adopt the von Hippel 
theory for the present results. Suppose that 
the electrons are accumulated near the anode 
and the vacant F centers whose amount is 
far smaller than the concentration of F center 
contained are formed near the cathode. The 
current ceases to flow when the reverse 
electric field produced by the electrons drawn 
to the anode becomes sufficient to cancel the 
applied field, The number of electrons on 
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the surface will be estimated by the follow- | 
ing formula,©” | 
E=4zrne/k, (in e.s.u.) (1) |] 
where E is the applied field, 2 the number | 
of electrons on the surface per cm’, @ the | 
electronic charge and « the dielectric cons- | 
tant. m is estimated to be 3x10? electrons/ | 
cm? using (1), for E=10? volts/cm. This 
value is nearly equal to the experimental | 
value which was about 1x10? electrons/cm?. 
If the electrons of the space charge were . 
spread uniformly over some region near the 
anode instead of being concentrated on a 
plane, the internal electric field should be 
large enough to flow more current. So, the 
space charge polarization may arise from the | 
electrons accumulated on a plane near the 
anode. From the results shown in Fig. 3, 
it may be reasonable to assume the surface 
state which can trap electrons. In the current 
glow curve, the trap-depth will be computed 
from an approximate equation according to 
Grossweiner : 


F~L SIRT ol idol), (2) 


where J. is the temperature at the maximum 
value of the current glow curve, J” the 
temperature at the half maximum at the low 
temperature side. Applying this analysis to 
the differenciation curve d[(é:-ir))/ir\/dT vs 
T obtained from Fig. 3, where T is a tem- 
perature, and using that 7-=—90°C and 7J’= 
—106°C, we obtained 0.3 ev as the trap depth 
of the surface state. 

In the case of steady illumination and the 
a.c. field, the electrons going to the anode 
surface at a half cycle of the a.c. field may 
fill the ionized F center formed near the 
surface at the previous half cycle. For this 
reason both electrodes should become neutral. 
The condition for the absence of space charge 
is supposed to be realized in this case, too.“ 
The effect of the capacities of the blocking 
junctions between a specimen and the elect- 
rodes was negligible in the case of the pulsive 
and steady illumination of the present experi- 
ment, because of the applied a.c. field. The 
investigation for this effect will be published 
in near future. 


(2) Traps in Colored KBr Crystals 
At least the three kinds of traps should 


exist in colored KBr, if one considers the 
characteristics of the temperature-dependence 


| 
| 


| kinetics. 
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; curves Of the pulse photocurrent in Fig. 5 
and the current-decay effects in Fig. 6 and 7. 
At present we shall discuss the time cons- 
; tant of current-decay in term of the trapping 
Supposing that N traps of the one 
| kind normally unfilled exist in the crystal 
) per unit volume, the excess density n of 
electrons in the conduction band and the ex- 
cess density m of electrons in traps will 
vary with time after the turn-off of illumina- 
tion according to the following formulas,“ 
dn/dt = —rn+gn,—(N-m)nSov, (3) 
dni/dt=—gnit(N-ni)nSv, (4) 
where v=1/t; is the rate of recombination of 
excess electrons in the conduction band (or 
the rate of trapping by very deep traps), 
g=l1/t, the rate of generation of electrons 
from traps, S its cross section for capture of 
electrons in traps, v the arithmetic mean 
thermal velocity, and NSv=1/r; the rate of 
trapping of electrons when all traps are 
empty. In the present cases, N>>m1, because 
of a small amount of trapped electrons due 
to small excitation for the case of pulsive 
light and a large value of N (the number of 
F center as shown latter) for the case of 
steady illumination. Using the condition 
N» yn, (3) and (4) lead to the following rela- 
- tion, 
nec exp (—t/c..), (5) 
To=trttgt(trt9)/Te. (6) 
The decay current should be proportional to 
the density ” of excess electrons in the con- 
duction band. From the current-decay curve 
just after the turn-off of illumination, 7, and 
tT, was estimated to be smaller than 20 4 sec 


where 


T (sec) 


2 Sika S 
—!/7 x 10% (°K!) — 


Fig. 10. The time constants cy: and tye of the 
fast decay as the function of 1/T. 
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at least and negligible in the measurement 
of a decay time. The time constants observed 
in this work should be rt. which is simply 
expressed as follows, 

Ce—Cg( lar Te). (7) 
(t,/tr) seems to be almost constant over the 
present temperature region and may be of 
the order of 1~10? for the various traps. In 
conclusion the temperature-dependence of 
decay times observed in this experiment 
should be due to ty contained in rT... 

Fig. 10 shows the time constants tr and 
ty2 Of the fast decay as the function of 1/T. 
In the figure the points with soild dot of 
circle and square are obtained from the 
direct observation of the current-decay and 
the points with circle and square are obtained 
from the pulse durations and the shifting 
temperatures of the cusps in Fig. 5. From 
Fig. 10, the activation energies Ey1=0.35 ev 
and Ey.:=0.43 ev are obtained, assuming to1= 
To2=10-1! sec in the following formulas, 

Ty1—To1 EXP (E7:/kT), (8) 

Ty2—To02 Exp (Ey2/kRT). (9) 
None of these traps can be regarded as F 
center from the following reasons. As shown 
in Fig. 5, the photocurrent of the steady 
illumination (Curve IV) is about ten times as 
the pulse photocurrent (Curve I~III) above 
—80°C, the above values being adjusted to 
be equal at O, temperature in the figure. 
The most effective traps should be F centers. 
So, it may be reasonable to regard the traps 
of the slow decay time rs to be F centers. In 


Ts (sec.) 


2 3 4 


8 


iS) 6 TE 
Vik) = 
Fig. 11. The time constant rs of slow decay as 
the function of 1/7. The soild line shows the 
time constant of slow current-decay, and the 
dashed line the thermal life of F’ center after 
Pick. 
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Fig. 11 the time constant ts of the slow decay 
is plotted against 1/7. The thermally releas- 
ing time of F’ electrons from the optical 
measurement is plotted against temperature 
according to Pick for comparison.“ The 
optical values for high temperatures are ex- 
trapolated from the values measured at low 
temperatures. From the similarity of the 
two curves, the trap corresponding to the 
slow decay may be concluded to be F center. 
From Fig. 11, 


Tos=1 x 107° sec, 
E;=0.44 ev, 


are estimated for this trap. This time factor 
is inaccurate due to the large value of t,/c: 
(100) contained in (7). 

Now we shall try to discuss the sata in 
Fig. 8 and 9. yw, and ta are the effective 
values appeared in the experiment. They 
are correlated with the microscopic yw and t 
through the following relations, 


(10) 
(11) 


Pa (ute)/(to+T), 


Tato ET, 


where t;>>tr is assumed. This assumption is 
reasonable, because t; which is due to F 
center may be much smaller than t; which 
may due to the unknown imperfections. 
From (10) and (11), the following formula 
results, 


(12). 


In Fig. 9, tz can be considered to be equal 
to tr, if we put 4. equal to yw. Using the 
law of the temperature-variation of polaron 
mobility in KBr, can be obtained for each 
temperature. On the other hand, 7; is writ- 
ten as 1/NrSrv, where Nr= concentration of 
F center and Sr= the effective cross section 
of F center for electron capture. Then Sy 
is estimated to be 1~3x10-%cm? and does 
not vary so much with temperature. 

In the uncolored specimen there are about 
4x10%/cm? traps, if we use the results 
shown in Fig. 9, the cross section of the 
unknown traps being taken to be equal to 
that of F center. The density of the unknown 
trap in the uncolored specimen in the present 
case (<4x10%/cm*) is nearly equal to the 
value obtained from the saturation effect of 
Hall mobility in KCl below 25°K measured 
by Brown.” 

For the pulse photocurrent the traps of the 
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| 
fast decay may be as effective as F center. | 
Although these traps seem to be due to) 
thermal treatments or impurities, there is no) 
clear information about their natures. Our | 
optical measurement concerning to these traps 1 
shows the following results. (1): The four 
definite bands lying in the lower energy side | 
of F center are produced by the irradiation f 
of F-light for a long time at —150°C, and 
the slight bleaching of F-band occurs. These 
centers vanish thermally at about —50°C 
completely with the recovery of F-band. (2): 
By the long time irradiation of F-light at 
—180°C, F-band bleaches by up to 15% and 
F’-band is observed. The F’-band changes f 
to F-band thermally by heating the specimer | 
to —150°C in dark. According to our results. 
the thermal life of F’ center is severa’ 
hundredths as short as Pick’s value in the 
temperature region below —130°C. F’ center 
recovered to F center by the irradiation of 
2000 my light at —180°C. 

From the above optical results, it seems 
that the traps of the fast decay correspond | 
to the centers described in (1) and that of | 
slow decay to F’ center. The short life | 
time of F’ center obtained by our optical } 
measurement almost coincides with ts in the 
measurement of photocurrent decay. 


§3. Conclusion 


In the measurement of photocurrent in | 
colored alkali halide such as KBr, it is better | 
to adopt the a.c. field and pulsive illumination 
synchronized to plus and minus peaks of the | 
a.c. field, to avoid the space charge polariza- | 
tion effect. The space charge effect may 
arise from electrons trapped in the surface 
states whose depth is about 0.3 eV. : 

The three kinds of traps were found in | 
additively colored KBr purified by the re- | 
crystalization technique. One of them is the | 
F center and the other two are the unknown | 
centers probable due to thermal treatments | 
or impurities. The thermal activation | 
energies of the electrons from these traps to | 
the conduction band are 0.44, 0.35 and 0.43 ev | 
respectively. | 

The mean range of electrons obtained was | 
found to be much larger than the ones | 
obtained by Pohl and Inchauspe.@?02) This | 
may be due.to the a.c. method adopted and } 
the purer crystal used in this work. 
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By the measurement of pulse photocurrent 
under the condition for the absence of space 


charge, the typical curve of the temperature- 


dependence of photocurrent in alkali halides 
such as KCl and NaCl was obtained in KBr. 
The pulse photocurrent was proportional to 
4a measured by one of us in the temperature 
region from —100°C to —50°C.@ 

It is expected that the degree of purification 
of crystal could be determined by the mea- 
surement of the mean range of electrons and 
the time constants of current-decay under 
the condition free from space charge described 
in this paper. 
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To investigate the dichroic property of the Z, band, the experiment 


on the anisotropic bleaching was made. 


It was found that the symmetry 


axis of Z, center is parallel to <110> direction and the Cole and Friauf’s 


A model is in conformity with this symmetry. 


It was also found that 


there exists the same correlation in dichroism between F and Z, band 


as that between F and M band. 


§1. Introduction 

It is widely known that additively colored 
KCl crystals doped with strontium show an 
interesting series of the optical absorption 
bands called Z:, Z: and Z:. Pick” and Seitz” 
have proposed different models of the centers 


responsible to these bands. 

More recently, Cole and Friauf® found a 
new absorption band of this series at about 
860 mz. It was named Z, band and two 
probable models for the Z; center named A 
and B were proposed by them. (See Fig. 1) 
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The Z, band in KCl:Sr has been found, (1) 
to be formed by F-irradiation of an additively 
colored and subsequently quenched crystal, 
(2) to be thermally bleached at about 110°C 
accompanying the disappearence of Z, band, 
(3) to give emission at 1.68 ~ with excitation 
in the F, Z1, Zz or R band whose wavelength 
is shorter than the Z, band, or the Z, band 
itself.?)”. 


Seitz Pick 
€ e 
Z| apr tia 
Ae a 
2210 lal FE] ch 
ee 
* Bip ye 
Cole and Friauf 
(Ss 
rida a 
Z4 e 
2 
(A) (8) 


Fig. 1 Models of Z centers. 


The present study on the dichroic properties 
of the Z, band of KCl:Sr crystal was under- 
taken for the following reasons: (1) The two 
models of Z, center above mentioned have 
different symmetries and the study on the 
polarization of emission of this center induced 
with polarized exciting light of 860 my report- 
ed by West and Compton‘ could not decide 
the orientation of the optical dipole clearly; 
the degrees of polarization observed were 
P(011)=0.39 and P(010)=0.34. If we assume 
model A or model B for the Z, center, the 
former namely that the optical dipole is solely 
along the axis of <110>, we would predict 
that P(010)=0.66 and P(010)=0.33, the later 
namely that the optical dipole is solely along 
the axis of <100>, we would predict that 
P(010)=1.00 and P(011)=0.00. (2) The dichroic 
F band accompanying the dichroic M band 
which has been reported by van Doorn and 


T. ISHIGURO and N. TAKEUCHI 


} 
\f 
| 
{ 


| 
(Vol. 15,|| 


| 
Haven” in a pure crystal is now one of the’ 
intersting problems in this fields. They have | 
suggested that the M center posseses a second | 
and small absorption band hidden under the 
F band, in addition to the M band. But it) 
leaves a question in the coincidence of the | 
assumed hidden band with the F band for. 
many different kinds of alkali halides. On 
the other hand, Lambe and Compton® have 
suggested another hypothesis dipole-dipole 
energy transfer between F and M centers. . 
In this case, however, there exist a strong 
implication that the centers are not situated 
randomly, but are concentrated mainly ina 
relatively small volume of the crystal. Besi- 
des, it is difficult to interpret the details of | 
the dichroic spectrum by this hypothesis. 

In addition to this famous example of F- 
M dichroism, we have lately reported F-Z, 
dichroism” which is somewhat more compli- 
cated than the former. So it is very attrac- 
tive to ascertain whether F-Z, dichroism also 
exists or not. 


§2. Experimental Procedure 


The KCl:Sr crystal was grown in our 
laboratory by the standard Kyropoulos method 
and estimated to contain about 10-4 mole 
fraction of strotium—the impurity doping was 
done in the molton state. The additive 
coloration of the crystals was made as fol- 
lows: The block crystals were heated in 
potassium vapour at about 600°C for 3 hours 
and then cooled slowly to room temperature. 
Next, the blocks were cleaved into thin 
plates between 0.6 and 0.3mm in thickness 
and quenched in the dark after heated again 
at about 600°C for a few minutes. The 
samples thus prepared show the dominent F 
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Fig. 2. Absorption spectra 
Absorption, (a):before F-light irradiation, (b) after 
F-light irradiation. 
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band as in the case of the pure KCI crystal. 
ih Upon irradiating this sample at room tem- 
(, perature with a 500 W tungsten lamp through 
_ Matsuda VB3 glass filter for one hour, Zi, 


‘| Zs, M, N and other bands are formed at the 


expense of the F band. The relative height 


| of the Z, band to the F band clearly depends 


upon the F-irradiation time and quenching 
.| rate—the quenching is done quicker, the ratio 
| of Z, to F is larger. These situations are 
| shown in Fig. 2, and the characteristic curve 
of the Matsuda glass filters are shown in 
Brig. 3. 
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Fig. 3. Gharacteristics of VB3 and VGIA filters. 


Throughout this experimental study, we 
used the samples thus prepared as the virgin 
crystal. All irradiations were done at room 
temperature, and all measurements were made 
at —150°C unless otherwise stated. 

In anisotrpic bleaching experiments, the 
_ absorption spectra of the crystals were 
measured with the polarized lights whose 
electric vectors were perpendicular and paral- 
lel to [011] or [010] directions before and 
- after irradiation with [011] or [010] polarized 
light which were incident on the (100) surface. 
The dichroic spectra were taken to be the 
difference between the absorptions as measur- 


ed with [011] and [011], or with [010] and 
(001] polarized light. 


§3. Experimental Results 


The absorption curve shown in Fig. 2b was 
obtained after one hour F-irradiation upon 
newly quenched crystal at room temperature. 
Though the F, Z; and Z, bands are the most 
prominent, other small absorption bands 
appear among them. The ratios of Z: to Z; 
obtained in various samples were found in 
largely different values, indicating that ~ Z: 
and Z; bands are due to distinct centers— 
Cole and Friauf® have had the question that 
both bands might be due to the same center. 

The results on the anisotropic bleaching of 
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the Z, band where a monochromator or a 
100 W tungsten lamp through a set of two 
filters VVIA and VRID were used as the 
light source in the bleaching are shown in 
Figs. 4A and 4B. 

In Fig. 4A, curves b; and c: show the 
absorption spectra measured with the light 
polarized along [011] and [011] respectively 


after a brief bleaching with the light polari- 
zed along [011] direction, and curve a shows 
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Fig. 4A. Dichroism induced after partial bleach- 
ing with [011] polarized light in the Z, band. 
(a) Absorption before bleaching as measured 
with either [011] or [011] polarized light. 
Absorption after bleaching, (b) measured with 
[011] polarized light, (c) measured with [011] 
polarized light. (d) Dichroic spectra. 
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Fig. 4B. The same as Fig. 4A except that [010], 
and [001] polarized light was used. 
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the one measured before the bleaching. The 
absorption measured with the light polarized 
parallel to the bleaching light decreases 
markedly, while the one measured with the 
light polarized perpendicular to the bleaching 
light increases, indicating that more centers 


which could absorb [011] light exist after the 
bleaching than before. Curves bz and Cz 
show the succesive bleaching and curves di 
and dz show the dichroic spectra. The above 
results indicate that not only preferential 
bleaching of this ceter, but also some reori- 
entation should occur during the polarized 
light exposure. In Fig. 4B, the similar 
saturation is observed on the opticalanisotropy 
induced by the bleaching with the light pola- 
rized along [010] direction. 

Since both the irradiations with [011] and 
[010] polarized light induce the dichroism and 
the peaks of these dichroic spectra precisely 
coincide with that of the normal Z, absorption 
band, it may be considered that the optical 
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Fig. 5A. Dichroism induced by partial bleaching 
with [011] polarized light in the Z, band. (a) 
Absorption before bleaching as measured with 
either [011] or [011] polarized light. 

Absorption after bleaching, (b) measured with 


[011] polarized light, (c) measured with [011] 
polarized light. (d) Dichroic spectra. 
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Fig. 5B. The same as Fig. 5A except that [010] 
and [001] polarized light were used. 
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transition corresponding to the Z; band is due? 
to an optical dipole oriented parallel to <110> | 
direction. When the anisotropic bleaching is} 
prolonged, the M band also begins to show’ 
dichroism considerably. 

Then it is striking that during the exposure H 
of the polarized light in Z,; band there ap: | 
pears another dichroism in the F band region, 
with opposite sign to that in the Z,; band. — 

This appearence of the reverse dichroism. 
in the F band region is quite akin to the: 
well-known case of M-F dichroism, but its: 
shape is somewhat different in details. When. 


a crystal is irradiated by the polarized F 
band light, the dichroism whose sign is op-. 
posite to that of the case of the irradiation 
with Z, light appears in both the Z, and F 
(See Figs. 6A and 6B.) 


band regions. 
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Fig. 6A The same as Fig. 5A except that | 
polarized light in the F band was used as the 
bleaching light. 
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Fig. 6B. The same as Fig. 5B except that polari- | 
zed light in the F band was used as the bleach- | 
ing light. 
When a virgin crystal is irradiated through N 

VGIA filter, keeping other conditions to be»! 

quite the same as in the case of the VB3}) 
filter mentioned above, the strong F-M di- +} 

chroism appears overlapping with the F-Z,,) 

dichroism, suggesting that the F-Z, dichroism) 

is distinct from the F-M dichroism. (Sees 

Fig. 7) 


'} 1960) 


| §4. Discussion 


The results of anisotropic bleaching of the 
Z, band suggest that the center responsible 
for this band has an axis of symmetry along 
y <110> direction. The A model of this center 
,| Proposed by Cole and Friauf® which is an 
,| electron trapped at a divalent ion with a 
positive ion vacancy bound in the nearest 
cation site is the one that satisfies the above 
situation. Thus, Pick’s model for Z:!) which 
is quite the same as Cole and Friauf’s A 
model corresponds rather to Z,. 
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Fig. 7. Dichroism induced by partial bleaching 
with [011] polarized light through VGIA filter. 


Considering the crystalline field of the 
environment, the symmetry of this center is 
Coy which is the same as that of the Seitz’s 
model for the M center. 

It is interesting that there is the same 
correlation in dichroism between F and Z, 
bands as that between F and M bands, in 
addition to that between F and Z: bands 
which has recently been reported by the 
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present authors”. Besides, the dichroic 
spectrum in the F and region is very like 
that in the case of F-M dichroism. 

If the van Doorn hypothesis is taken into 
account of the correlation in dichroism also 
in this case, from the Coy symmetry above, 
the three types of the optical dipoles cor- 
responding to the transitions, Ai:—A:, Ai-Bi 
and A.:-B, should be taken into consideration 
for the bands hidden under the F band region. 
The fact that the F band has a correlation 
in dichroism also to Z, and Z, band besides 
to M band will further add a question to the 
above hypothesis. Nevertheless, some studies 
along the van Doorn hypothesis will be re- 
ported by the present authors in the near 
future. 
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This paper deals with the steady slow motion of a circular cylinder in 
a semi-infinite viscous and electrically conducting liquid parallel to its 
bounding plane wall in the presence of a uniform magnetic field, using 
Detailed calculation is carried out for the flow 
produced by the cylinder in two cases: one in a parallel magnetic field 
and the other in a transverse magnetic field. The expansion formulae 
for the drag per unit span of the cylinder are obtained in terms of the 


Stokes approximation. 


Hartmann number in each case. 


$1. Introduction 


In a quite recent paper”, applying Chester’s 
idea*?) to the two-dimensional Stokes flow, 
Yosinobu and Kakutani have investigated the 
effect of magnetic field upon the flow of a 
viscous and electrically conducting liquid past 
a circular cylinder in two cases: one in a 
uniform magnetic field parallel to the main 
stream and the other in a transverse uniform 
magnetic field. 

In this paper, using Faxén’s image method?, 
we study the steady slow motion of a circular 
cylinder in a semi-infinite viscous and electri- 
cally conducting liquid parallel to its bounding 
plane wall on the basis of Stokes approxima- 
tion in two cases: the first case, where the 
uniform magnetic field is parallel to the 
bounding plane wall and the second case, 
where the uniform magnetic field is perpendi- 
cular to the bounding plane wall. The bound- 
ing plane wall is assumed to be non-magnetic 
and non-conducting. 


Thus, the expansion formulae for the drag 
per unit span of the cylinder are obtained in 
power series of the Hartmann number. Nu- 
merical results show that the drag coefficients 
in both cases are almost independent of the 
Hartmann number, for its small values, and 
consequently they are equal to each other 
and are also equal to that obtained by the 
classical Stokes approximation. 

To this order of approximation, no lift 
appears in both cases. 


§ 2. 


The fundamental equations for a _ two- 
dimensional steady flow of an unbounded, | 
viscous and electrically conducting liquid past 
a cylindrical body in the presence of a uni- | 
form magnetic field have been obtained by. 
Yosinobu and Kakutani to the order of Stokes | 
approximation. Since the equations constitute | 
the starting point of the present study, we | 
shall first recapitulate briefly their analysis | 
for the sake of reference, making modifica- | 
tions so as to be applicable to the motion of | 
the liquid produced by the cylinder moving | 
in the liquid otherwise at rest. 

The fundamental equations of magneto- 
hydrodynamics are: 


Fundamental Equations and Solutions 


(1) Maxwell’s equations: 


curl AL: 
div H=0 , (2.2) | 
curl E=0 , (2.3) 
Ediv EF=q ; 2.4) || 


(2) Ohm’s law: 
J=o(E+uVxH)+qV; 
(3) The equation of continuity: 
div V=0; 

(4) The modified Navier-Stokes equation: 
o(V- grad) V=—grad P+oupy?V+qE+uJxH ; ! 
(2.7) | 
where E£ is the electric field, H the magnetic: 
field, J the current density, g the excess) 
charge density, € the dielectric constant, 
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a 


nagnetic permeability, « the electrical 
of the lguid, V the liquid velo 
ie P the pressure, and p and » are respec- 
ly the density and the kinematic viscosity 
be quid. In the above seven equations, 
pm. We have also assumed the liquid to 
© choose the origin of coordinates at the 
fe of a cross section of the crlinder and 
e the z:-axis parallel to the direction 
2 undisturbed magnetic field, the s;axis 
is the axis of the cylinder and the z-axis 
Impendicular to both the s.- and z;axes. The 
ity of the cylinder i= supposed to be 
Wel io the s:-axis in the first case and io 
S-axis in the second case. 
inst, we neglect the terms involving excess 
meee g in (25) and (2.7) as in usual mag- 
hydrodynamic problems. We then assume 
' y of the problem: namely 1) 
he quantities in (2.1)~(2.7) are independ- 
Ss, sO that all the desivatives m % 
in the above equations, and 2) the 
id velocity V and the magnetic field H 
im the s.s-plane. In consequence of these 
npn nS, We have, in both cases, 
J=nA Vx) - 28) 
(28) into (2.1) and (2.7), and 
ig non-dimensional variables o— V/V. 
EewH,, p—lalerV,)\P and (, 9, 2=G/a, 
fa. Fai. we have, m both cases, 
i Ric xh)=9 xh . ae 
 Re-pe=—rpitretMexhxh, 2 
ere a is, for instance, the representative 
iigth of the cylinder, Ra=poaV, the maz 
eetacks menuber., R=aV«r the Reynolés 
iber, M=(o/or)"aeHs the Hartmann num- 
as y stands for i(G/6x)+jO/Os), bere 
| & are the fundamental unit vectors. 
le assume Ra to be small and apply the 
es approximation to Eq. 29). Then we 


yxh-0. (2.11) 
gming that the permeabilities of the liquid 
‘the cylinder are effectively equal, we 
ai, from (2.2) and (2-11), 


psctivity 


OMIrsene ais 


iinenise eis I 


lES wee 


cae Pre - 
Pesiiii ins 
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J BR ge 
] tit sil 


Widleget ayn Teodimensions Stokes Flox 


£02 & Killer) An 005 0 + Ba Sin 18) , 
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=i , (2.12) 
so that to the present approximation the mag- 
netic field is everywhere uniform and parallel 
to the s,axis. Inserting (2.12) into (2.10), amd 
assuming R to be small, we have, to the 

—9ptV0+ Mex) xt=—0. (2.13) 

We now introduce the non-dimensional per- 

turbed velocities o=r-—i m the first case, 

and ¢=c-j m the second case m (213). 

Thus, we have finally the following equation, 
in both cases: 

—_pp+9"0 —M*7W-0. (2.14) 
which should be solved m combination with 
the equation of contimuity for co’: 

y-o —0 = (2.15) 
where (u, v) are the s- and y-components of 
vw, respectively. 

Eliminating p from (2.14), we have 


Fo—_M 2 9 ; (2.16) 


where o—0r/0s—GulOy is the vorticity. Ex. 


a. a 2.17) 
by ax 
and 
o=——fe. (2.18) 


Substituting (2.17) and (2.18) i 
obtam the equation for ¢ as: 


( r —MZ\s=0 : 


The solution of this equation can be expressed 
in the form: 


2.19) 


o=—Gc:t& s 22)) 
where &, and ¢: are solutions of equations 


(F —IE = eo = 271) 
ox 
and a 
(7 +z, 0 - 222 


f 
respectively. The appropriate solufions 6 
9 91) and (2.22) which satisfy the boundary 


conditions at imfinity are given respectively 
by 


= 


$:= Ae Ksbr) + Bal betel) + Kr) cos Ie" "db 
L 


{] 
1] 
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and | 
; | 
de = Coe-** Ko(kr) i D.\ kr[ Ki(kr) — Ko(kr) cos Ole-*r cos 0 | 
0 | 
4e-¥ 3 Knlkr)(Cn cos O+Dn sin n8) , (2.24)) 
n=1 | 
where k=3M, *£=r.c0s 6, y=rsin 6 and 


Bo+Do=0.. (2.25) 


K,(x) is the modified Bessel function of the second kind. The condition (2.25) ensures that: 
the stream function ¢ is one-valued and continuous throughout the whole field of flow. 
We introduce conjugate complex velocities wn’s defined as: 


Wn=Un—in  (n=1,2) . (2.26)) 


Inserting (2.23) and (2.24) into (2.26), and expanding the functions with respect to e, then 
we have the Fourier series for wn’s as: 


a | ik {el [+ (Kolo— Kil) +e-"(Kolh— Kile) +6!(Kolhi—Kils) 
64K yIy— Kis) -be"(Kolh— Ki) +e-*(Kols— Kila] 
+k {ple Kon 4+ Kih)-+e~(Koli + Kilo) +e!(Koli + Kile) 
e-¥(K In + Kil) £e"(Kole+ Kil) +e-™(Kols + Kil)) 
fh sik {eM — Kolo +2Kil— Kale Fe-"(Koh— Kilo Kile+ Kel) 


Fe (Koli—Kilb—Kil+ Kels)—e-? (Kolea—Kih—Kihb+Keh) 
— (Ko l—Kih—Kilt+ Kel) Fe? (Koh —Kih—Kih+Keh)] 


+ = k |p {l-Kor + KelFe-*(Koh+Kih—Khih—Kelh) 
1 


Fe (Koh—Kil+Kil— Kels)—e- (Koh + Kih—Kils— Kolo) 
— 2 (Koh—Kih+ Kils— Koh) Fe (Kol: + Kih—Kil—Keh)| 
Tt aS (2.27) 


where the argument fr of the functions Kn 
and Jn has been omitted for brevity. Xo 


§3. First Case 
Suppose that a circular cylinder of radius a 
is moving, with constant slow velocity —Vo 
along the x:-axis, in the presence of a uni- 
form magnetic field parallel to the %:-axis, in 
a semi-infinite viscous and electrically con- 
ducting liquid otherwise at rest parallel to its 
bounding plane wall (Fig. 1). The wall is as- 
sumed to be non-magnetic and non-conducting. 
3.1. Method of solution plane wall 
If we confine ourselves to the calculation of Fig. 1. 
the forces experienced by the cylinder correct 
to the order of M?, the lowest terms being O(1), it suffices to take the first four terms in | 
(2.23) and (2.24) respectively. Then, as shown in our previous paper”, we obtain integral | 
expressions for ¢, and ¢:2 as: 
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if Fisk la—k La 
BHO pa) me La emma, on 
Hee al la+k ] 
h=s lia (0 ae Ci) + . ee ae 7D) beter msinida (3.2) 
where = =a} Dika and k= ataoike - 


In order to satisfy the boundary conditions on the bounding plane wall, we now superpose, 


as done by Faxén, a flow due to images, which is derived from a stream function ~* defined 
as: 


P= dik+dr* , (3.3) 
where 
ea filaeiezA +25) qr , (3.4) 
and 
aI" falayeter awit de (3.5) 


where 6=6/a and fn(@)’s are unknown functions to be determined by the under-mentioned 
boundary conditions. 

The boundary conditions at infinity are satisfied automatically by w»’s and wn*’s. Then, 
we have only to consider the boundary conditions on the bounding plane wall y=—6 as well 
as at the surface of the cylinder. They are 


(witwe+wi* + we*)y--s=0 4 (3.6) 
and 
(witwetwi*+w2*)ra1=—1. (3.7) 


3.2. Determination of the functions fn(a@)’s 
Inserting (3.1), (3.2) and (3.4), (3.5) into (3.6), the functions fn(@)’s so far undetermined can 


be expressed in terms of the unknown constants Ao, Bo, --- and D; as: 
Aitdz 1a—2k ia—k Ai ) 
= A 16; Ai ——B 
ee REL Fy, Ohh e, 
2, ta+2k iat+k he ) S 
- Ci ——D, Jer1-2)8 , 3.8 
ae poag th (c a Do k 1 k 1 Jé ( ) 
ana 
y 1a—2k 1a—k At ) NS 
(a)=— ~ Ay == Sin |\Cmin tan 
Fo(@) vores we Bo is 1 k 1 
sepeedurt ds (G- 1a+2k ne iat+k C, 4D.) (3.9) 
A2(Ar— 22) Re k k 


3.3. Determination of the constants Ao, Bo, --- and D: . . 
If we insert (3.8) and (3.9) into (3.4) and (3.5) respectively and expand the integrands with 
respect to e’, we obtain, after some lengthy calculations, the Fourier series for w* as: 


w*=wiktwet=R{ (Fi tis) +kr(Fs+iFs)}Aotk{(Fs+iPs) + R1?(Fit ifs) }Bo 
+h (F,—iF:) + kr?(F's—iFe)}Cot+k{—(Fs—iPs) — FR’? Fr — 1 F's) } Do 
+R tif) AitkPiut+iFi2)Bi— kG s— tho) Ci + RP —tF 12) Ds 
+ikre-(Fy3 Ao + FisBo+ FisCo— Fis Do) 
+ heve!{ (Fis +iF is) Ao + (Fir +iF is) Bo— (Fis —iFis)Co + Pir — iF is) Do} 
ors Wes (3.10) 


tA 
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where F,’s are functions of 1=2k0. 
We may expand the constants in powers of & as: 
(Ao, Bo, Co, Do) =k-'(Aoo, Boo, Coo, Doo) +R(An1, Bot, Co, Do)+ ee 6) (3 11) 
(At, Bu, Cr D;:)=R(Aw, Bi, Cro, D1o)+: Se aree) ; 
We insert (2.27) and (3.10) together with (3.11) into (3.7), and we neglect all terms higher 1 


than &. Then, on equating to zero the terms of the same powers of R in the coefficients of 
e”® and separating the real and imaginary parts, we obtain linear algebraic equations for the 


constants Avo, Ao1, -:: and Dio. Solving these equations successively, we obtain 
Aoo=Coo=0 ’ 
as 
Bo=—Do =—-————"— 
é me DOAALD RS 
Fx 
Au=Ca =— ——— 
ee Hop ayia 
oy 40414 8F:—4F ut 8FiFu—16F oF is (3.12) 
Bu= Dos = ’ 
4(22+1+2F3)? 
2F is 
An=—Co => 
3 POON EOE, 
Byw=Dw0 = tere ae Es | 
2(22+1+2Fs) 


where 2=—7y—In (M/4), 7=0.57721---being Euler’s constant. 
Making use of the relations Pi=—2F:, Fu=—F, and Fis=Fs, we obtain from (3.11) and 


(3.12) 
a 2Fis M 
“ome carers ) (3.13) 
dems Tyne 2 49+1—8F2+16F,—16Fs? (M \? 
Bo=—-D= — 1 7 9 
ee MOG F142 ke 2.04+1+2F; G ) | (3.14) 
4Fy M 
Ai= = 
peas cr om i) (3.15) 
1 M 
=p) = 
fee re ( 4 ): (3.16) 
The functions F,’s necessary for the calculation of (3.13)~(3.16) are given by 
Fy =S2,0)+S21D+HA(l)—$AiZ , (3.17) 
Fs=S1i0()+S110+C1,10)+C1,10 —Aod) —Gl'+4DAD4+1 , (3.18) 
Fr=3{Si,1)—Si QC, aD +Ci sO} 5 (3.19) 
Fy=S2,0D)+S21Q+C21)— Ca) +A) — CA +)AO+1 , (3.20) 
where 
feats a n weitsale 
S “AU = Ss —Lé ee 
1,n(2) \ ate” 8" Gye dé , 


lé 


GE? Gee 
(3.21) 


Sia) =|" E e7€ sin 
Cin =|" 


sel x 
de Caen Se 


é 
a lE 
ug = 
e€ cos Gren d&-, 
é 


dell Fees = lE 
C2 n l = Se U ee 
(1) | Geen’ cos GENO, dé , 
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and 
An) =7{An(l)— Yn(D)} , (3.22) 


where Y,(x) is Neumann’s Bessel function of the second kind and H,(x) is Struve’s function® 
defined as: 
Hg =— ae 
m=0l"(m+3)l'(n+m+3) 


(3.23) 


3.4. Forces on the cylinder 
The forces experienced by the cylinder can be calculated by integrating the viscous and 
Maxwell’s stresses on the surface of the cylinder, as done by Yosinobu and Kakutani in the 
case of no wall. Thus, the lift Z' and the drag D"™ experienced by the cylinder under discus- 
sion per unit span can be expressed as: 
T=(0i5 (3.24) 


Di= —4rovMVi.Bo . (3.25) 


To the present approximation, the Maxwell’s stress makes no contributions ‘to the lift and 


drag. Hence, if use is made of (3.14), we have for the drag coefficient Cp! 


Cy'= ==} 
Tat DyVe4 120414-9F, 


Dt 87 _42+1—8F:2+16F,—16F 5? (M \") 
22+1+2F% ( 4 f : $22) 


If we expand the functions sin{/E/(1+&*)/?} and cos{JE/(1+&)”?} in (3.21) into Taylor’s 
series with respect to 7, and if use is made of the formula” 


, Gla be ees Ede 2" rnd ln Al), (3.27) 
0 


together with its derivatives with respect to J, we obtain a series expression with respect to 
I for the drag coefficient Cy!, which is valid for /S1. Thus, an approximate expansion 
formula correct to O(/*), for instance, is expressed as: 


4-20-1743 — 1 412( 7 pes ye fa 
ie Ar gees ; Ss Os i ae ae oe ee ) (3.28) 
* In 26—(T-PP In 286—(T—3)? Lo) sale 
where T=—7-—In(Mo/2) . 
In the case of no magnetic field so that M=0 and /=0, (3.28) reduces simply to 
Az 
=i Se 3.29 
Coo ne In 28—40- (3.29) 


which is in perfect agreement with the result obtained previously by the present writer for 
the classical Stokes approximation”. 

On the other hand, for />1, the integrals represented by (3.21) can be evaluated numeri- 
cally by making use of Simpson’s rule. The values of A,(/) (n=0, 1) up to 7=16 can be 
found in tables of Bessel functions*. For larger values of /, we make use of the asymptotic 
expansion®), which is expressed as: 


pal I'(m+3) a3. 
= Pe OMe Pane. 3.30) 
WO= 2, Fatima 


Thus, the drag coefficient Cp! can be evaluated numerically for any value of /. 
When the bounding plane wall recedes far away to infinity from the centre of the cylinder, 


* See, for ‘example, c N. “Watson: A Treatise on the Theory of Bessel Functions (Cambridge, 1922) 
666. 
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the value of 7 tends to infinity and our case is reduced to the case of a circular cylinder in 
an unbounded viscous and electrically conducting liquid in the presence of a parallel magnetic 
field. The value of M, however, should be kept to be small. Making use of (3.21) and 
(3.30), we easily find that 


loo 
Thus, we have ultimately, from (3.26), 
: 87 49+1/M? 
a i il : 3.0E 
Crane: Tien share ) re 


As should be expected, (3.31) is in perfect agreement with the result obtained by Yosinobu 


and Kakutani for the case of no wall. ; 
gapiane wall 


§4. Second Case (“b 


In the case of a transverse magnetic field, 
the axes of coordinates and the bounding plane 
wall may be taken as shown in Fig. 2. In 
this case also the fundamental equations 
(2.21), (2.22) and their solutions (2.23), (2.24) 
respectively, and consequently the expressions 
for the conjugate complex velocities repre- 
sented by (2.27), hold good. However, as for 
the integral expressions for ¢n’s and ¢*’s we 


have to take Fig. 2. 
ern er ead 1 |x| (1 /\xl, B 
= A Be igh e Bs alii iBytke—A|2| 
dy et ORIS oe aralen 7 ye ty Bit y dB , (4.1) 
EL eel 1 |x| a i lt a gale iBy—kx—-A|z| 
pe saline te; Tice ial 7) tag ‘le u dp , (4.2) 
bas" £1(B)etByt (eA) (2428) 7B ; (4.3) 
and 
dita" mipettemenenndg (4.4) 


where A=VY B+ R? . 
The boundary conditions to be satisfied on the bounding plane wall as well as at the sur- 
face of the cylinder are 


(WitwWwetwi*+wr*)r--3=0 > (4.5) 
and 
(Witwetwrk+w2*)pa1 =i “ (4.6) 
By carrying out calculations similar to those in case 1, we have 
k+A . B R+A .B(R+A) 
on (3S) = A KS 
a= As ee a “ae 
Lo ; tA B 
C Do oe 
( Z 0 kB oF not i pe dD, ) ) 
(4.7) 
- 1 . kR—2 A . B 
(8) = (= Av iS Be Ami a) 


fh R=digky ub yh leisy Bay 
pe eee kA Fee 
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w* =wy* + wWs* =1k(Gi t+ k?7?G2) Ao +k(Gst k2r?Gs) Bo +ik(Gs +k2r?Ge)Co 
+R(Gi+k?r?Gs) Do +tkGoAi+kGioBit+ikGiuiCit kGi2D, 
+ k®re-°(tG1s Ao+GisBo +1GisCo+GisDo) 
+ k?rve'?(tG17 Ao + GisBo +iGisCo+G20Do) 
oS ee ds 2 Soh (4.8) 


je g ) 
M(22—1+ Gi—Gs) 
. {1 8.2+1+4(G2—Ge)—2(Go+ Gis1)—4(Go— Gir)(Gir— Gis) —2(28 —1—2Gs)(Gis— Gis) /M \? 
22—1+Gi—G; eta 


2 
MOO GG.) 
. {1 _ 824+1+4+4(G2—Gs)—2(Go+ Gir) —4(Go— Gis)(Gir— Gis) +2(2 2 -1+2G1)(Gis—Gis)/M \? 
20-—1-+-Gi—G; Gabe 


Aya — 26Gu=Gu) +1 er) 
| 22—1+G.i—G; ; 
—_ aoe a) 
| 22—-1+Gi—G;s \ 4 /’ 


(4.9) 
Boo) 3 Be Dy=0= (4.10) 
Finally, we have for the drag coefficient Cp"! 


2 D" = 87x 
ovVo 22—1+Gi—G; 
{1 Se eae 8 er 
ot 


Cp" 


22—1+Gi—Gs 
+7(0*/0)M? , (4.11) 

where o* is the electric conductivity of the cylinder, and 

Gi=—4(Ko—K2)—4e""(Ko + 2K1+ Kz) , 

Go=—3(2Ko—Ki—2K2+Ks)—4e-“(4.Ko+7Ki1+4K2+ Ks) , 

Gs=4(Ko—K2z)+4e'(Ko—2K1+ Kz) , 

Ge=4(2K0+Ki—2K2— Ks) + be'"(4Ko—7K1+4hk2—Ks) , 

Go=i(Ki— Ks) + fe“(2Ko + 3K1+2K2+Ks) , 

Gu=—}(Ki— Ke) +4e(2Ko—3K1+2K2—Ks) . 


(4.12) 


The argument / of the functions Kn’s has been omitted for brevity, and the relations 
Giz=Go, Gis=Gu and Gis— is= —(GitGs) have been used. 
The term z(o*/s) in (4.11) arises from the Maxwell’s stress, and the other terms are the 
contributions from the viscous stress. 
In this case also no lift appears. 
In the case of no magnetic field, the formula (4.11) reduces also to (3.29), the result for 


the classical Stokes approximation. 
On the other hand, when d-c and consequently Joo, keeping the value M small, we 


_ have 
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loo 
and consequently 
: 87 8.2?+42+1 rail | F i} 
Lb jh 25 +n{(— \M?, (4.13)| 
pease ee 20-1 i ONE | 


corresponding case. 


Table I. Values of Cp!. 


By (3.29) By (3.26) 
ees 9 9.001 «0.005 0.01 0.05 0.1 0.5 1 
a eae 5.48 5.49 5.50 5.67 5.97 8162 eed Sa 
10 4.20 4.20 4.21 4,23 4.49 4.88 7.39 9.94 
50 2.73 2.73 2.78 2.85 3.40 3.86 6.35 8.87 
100 2.37 2.38 2.46 2.58 3.18 3.67 6.23 8.75 
By (3.30) : 158. 1.9 2112 | 2.99") Wa-4aee wehos mene ca 
Table II. Values of Cpl. 
By (3.29) By (4.11) 
ee | 0 0.001 0.005 0.01 0.05 0.1 0.5 
) ——— 
5 5.48 5.48 5.49 5.50 5.74 6.19 10.84 
10 4.20 4.20 4.21 4.24 4.64 5.30 10.37 
50 2.73 2.73 2.80 2.91 3.89 4.82 10.11 
100 2.37 2.38 2.51 2.70 3.83 4.78 10.10 
By (4.13) 1.74 2.24 2.56 3.79 4.76 10.09 


$5. Numerical Discussions 


The values of the drag coefficient Cp! have 
been calculated numerically by using (3.26), 
as was mentioned in § 3, for various values of 
the Hartmann number M™ up to unity as well 
as for various values ranging from 5 to 100 
of the ratio 0=b/a. They are given in Table 
I and are also plotted in Fig. 3 against M. 

The values of Cy" have been calculated by 
using (4.11) for various values of M up to 0.5 
as well as for various values ranging from 5 
to 100 of the ratio 6, where we have put o*=0 
for simplicity. They are tabulated in Table 
Il and are shown graphically in Fig. 3. 

For the sake of reference, the values of Sool 0,005 0.0! 0.05 Ol Oe | 
Cl, and Cl, have been computed by (3.31) M 
and (4.13) respectively. The results are also Fig. 3. Drag coefficients versus Hartmann number. 


given in the corresponding tables, and are ~—— Cp! calculated by (3.26) 
shown in Fig. 3. ——— C,. calculated by @.31) 
It is worth noticing that, as can be seen ----- Cpl! calculated by (4.11) 


from Tables I, II and Fig. 3, the drag co- ----- Cj%. calculated by (4.13) 
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efficients Cy' and Cp" are, for small values searches. 
of the Hartmann number M, almost independ- 
ent of M, and consequently they are equal to 
each other and are also equal to that obtained 
j by the classical Stokes approximation. 
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Volume dilatometry was made for nine kinds of asphalt in a wide 
range of asphaltene content X. The glass transition temperature Ty 
becomes higher with increase of X. The discontinuity in thermal ex- 
pansion coefficient at Ty decreases with X and YT, can no more be 
observed for X>70%. 

The complex shear modulus and shear creep compliance of five sam- 
ples of asphalt were measured. Above 74, asphalt is viscoelastic. The 
temperature-time reducibility applies very well to asphalt. The tem- 
perature dependence of retardation times as well as steady flow viscosity 
obeys to Williams-Landel-Ferry’s equation, the standard temperature 
involved in this equation being 56° higher than Ty for ail the samples. 
The distribution function of retardation times is approximately of a 
wedge shape when plotted in logarithmic scales, the slope being 0.5 or 
less according to X. The steady flow viscosity and the maximum 
retardation time reduced to 20°C markedly increase with X. 

These facts allow us some predictions about molecular behaviors in 


asphalt. 
are distinguished by the name “blown as- 


Asphalts are the highly viscous residue of Phalt”, whereas those prepared by distilation 
petroleum obtained by removing most of its only are called ‘‘straight asphalt’. 
volatile components. The elimination of Asphalts are mainly used in protective coat- 
volatile components is often combined with ings and as binding materials especially in 
chemical treatment, chiefly oxidation. This road constructions. Their suitability for these 
treatment is carried out by blowing air through uses accordingly is largely dependent on their 
a distilation residue, In this case the products rheological properties. Besides, asphalts are 


§1. Introduction 
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widely used as a material of a polishing disk In the experiments described in later sec- | 
in glass polishing practice. In this applica- tions, samples are moulded in suitable forms. ] 
tion the rheological properties of asphalts play In the process of moulding, care must be ] 


a particularly important role and for a correct 
judgement of their suitability, therefore, a 
thorough knowledge of these properties is 
indispensable. In fact, the present research 
has started from this standpoint. 

Not a few investigations on the rheological 
properties of asphalts have so far been carried 
out by many authors and have been sum- 
marized in some reviews.!-” In this paper, 
a more systematic study of rheological pro- 
perties as well as glass transition phenomena 
of several kinds of asphalt will be presented. 


taken not to overheat the sample in order to 
The || 


moulded specimens are leaved in warm water 


prevent it from thermal decomposition. 


so as to become free from any residual 
stress. 


§3. Volume dilatometry 


In Table I is given the density of the sam- . 


ples at 20°C measured by the Archimedes 
method. The density increases with asphal- 
tene content. 


The scheme of the present approach is based Table I. 
on the method which has been developed by - Glass /Thermal expansion 
Tobolsky, Ferry and many others and found Sam. ci = reat eiae coeff. (10~4/deg) 
to be very effective in studying the linear  Ple temp. labove below. dif: 
viscoelasticity of amorphous polymers. (wt. %) (g/ec) | (°C) To Ty ference 
A | 100 1.079 none © 

§2. Samples B 75 1.053 none © 

Asphalt is a mixture of hydrocarbons and C 61.9 | 1.039 2 5.8 3.0 “2a 
compounds of a predominantly hydrocarbon D 58.6 1.034 0 G0) ces eee 
character. Most asphalts contain high-mole- E 57.1 1.030") — 2 6:34 0 eae 
cular components (‘‘asphaltenes’’), which may I 52.5 1.027 | = SG25aiGeG 3.9) 9257 
be precipitated as a solid by diluting the G 50.8 1,026] — 7257 6.8" 8-0m0o8 
asphalt with low-boiling saturated hydro- H 28.6 | 1.014 | —22.5|! 6.9 3.7 3.2 
carbons. The remaining part is a highly I Oo | 1.0047) —37%5 '* 7.6 9a ae ee 
viscous oil of low-molecular weight (‘‘ mal- = 7 a. oe a a 
tenes’’). Blown asphalts are richer in as- (%) 


phaltene content than straight asphalts. The 
elementary analysis reveals® that asphaltenes 
have high carbon/hydrogen ratio, so are rich 
in cyclic hydrocarbons. On the other hand, 
maltenes have low carbon/hydrogen ratio and 
accordingly are rich in linear hydrocarbons. 
Nine kinds of samples are used in this in- 
vestigation (see Table 1). Five samples, C 
through G, are blown asphalts manufactured 
for the use of lens polishing. The sample H 
is a straight asphalt. The content of as- 
phaltenes in these samples was determined 
by the following procedures: One gram ofa 
sample is completely dissolved in 10cc of 
benzene, the solution is added by 50cc of 
acetone and leaved at 25°C for one day, then 
the precipitate is filtered through a filter 
paper and weighed. The samples A and I 
are pure asphaltenes and maltenes respective- 
ly, being separated from the sample E by the 
above procedures. The sample B is a mix- 
ture of A and I in a weight ratio of 3:1. 


096) 


Fig. 1. Cubical thermal expansion of seven kinds 
of asphalt. 


The volume dilatometry was carried out 
for all the samples. Cubical thermal expan- 
sion was determined by placing a specimen 
in the bulb of a Pyrex-glass dilatometer, sur- 


“1L960) 


‘ounding it with silicone oil and reading the 
vere! of the oil in the capillary of the dilato- 


Riume of the dilatomerter bulb was 7.04ec 
and the radius of the capillary was 0.633mm. 
The temperature range of observation was 
‘lfrom 110 down to -60°C and the cooling rate 
was about 20°C/hour. 

The volume-temperature relation of all the 
samples except A and B shows distinctly a 
‘break at a specified temperature, that is, the 
‘|specific volume continuously varies with tem- 
‘}perature, but its slope (thermal expansion 
(coefficient) suddenly decreases below this tem- 
perature (Fig. 1). This type of behavior is 
very widely observed at the glass transition 
‘temperature of amorphous polymers and other 
= forming substances. In the case of 
asphalt also, therefore, the break probably 
corresponds to the glass transition tempera- 
ture. In this connection a more positive and 
= discussion will later be given from 


rheological study. 

Anyway, it is clear that the glass transi- 
tion temperature, so we call here hypotheti- 
cally, becomes higher with increase of as- 
phaltene content, as is plotted in Fig. 2. 
Furthermore, one sees that the difference of 
thermal coefficients above and below the transi- 
tion temperature, which primarily reflects the 
“‘strength”’ of the transition, decreases with 
increase of asphaltenes (see Fig. 2) and for 
the samples A and B, the transition can no 
more be observed. 

The above-mentioned facts suggest some 
pictures about the glass transition of asphalts. 
In the transition, linear hydrocarbons, the 
“major component of maltenes, may play a 


Cs 10 ¥6e9 


Fig. 2. Glass transition temperature Ty (circle) 
and difference of thermal expansion coefficient 
above and below Ty (dot) plotted against as- 
phaltene content. 
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principal role, whereas cyclic hydrocarbons 
in asphaltenes may have rather a negative 
influence upon the transition. These con- 
siderations will further be discussed and con- 
firmed in the later sections from rheological 
behaviors above the transition temperature. 


O4 


02 


Fig. 3. Real part of complex shear modulus at 


33 kc/s versus temperature. 
LV 


WE 
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Fig. 4. Loss factor at 33 kc/s versus temperature. 


§4. Complex rigidity of asphalts 


The real and imaginary part of complex 
rigidity were measured at 33 kc/s for samples 
C through G by means of the composite 
oscillator method. The details of experi- 
mental procedures have been described in a 
previous paper.” 

The data are plotted in Figs.3 & 4, giving 
typical temperature dispersion curves above 
the glass transition temperature. One sees 
in the case of sample E that the storage 
modulus G’ begins to descend at the transi- 
tion temperature (-2°C) and, on the other 
hand, the loss factor G’’/G’ begins to rise at 


1888 


this temperature, reaching a maximum at 
58°C. The temperature of maximum loss 
seems to become higher for samples of higher 
asphaltene content. 

No values, according to the authors, have 
yet been published on the dynamic mechani- 
cal properties of asphalt at high frequencies 
before this work. Dielectric dispersion at 
frequencies from 50 up to 2x10®c/s observed 
by Saal®) can only be compared with our data. 
The temperature region of dispersion observed 
in both the works very well agrees with each 
other, when compared at the same frequency. 


§5. Shear creep compliance measurements 


The dynamic test described in the previous 
section has shown that asphalt is a socalled 
viscoelastic body. In order to see the overall 
features of viscoelasticity, it is indispensable 
to investigate the mechanical properties in as 
wide a range of times as possible. For this 
purpose the torsional creep experiment of a 
specimen in shape of a circular rod was 
carried out in the present study. 

The test specimen was 2.0cm in length 
and 0.57cm in diameter. One end of the 
specimen was clamped by a fixed chuck, the 
other end was attached to a rotative chuck 
which was supported by a ball-bearing. A 
circular disk of 5.8cm diameter was fixed to 
the rotating axis and the torque was applied 
to the specimen by suspending a weight at 
the lower end of the thread which was wound 
around the disk. A small mirror was attached 
to the disk and the angle of torsion of the 
specimen after loading was read by a scale 
and telescope. The whole equipment was set 
in an air thermostat, whose temperature was 
regulated within one tenth degree during one 
run of experiment. 

A preliminary test was first made for ex- 
perimental verification of the proportionality 
between stress and strain. The curves in 
Fig. 5 show the plot of torsional deformation 
for different loads at each time after loading. 
From the curves we see that, in the measured 
range of strain at least, the linear relationship 
between stress and strain holds very well for 
asphalt. All the experiments in the follow- 
ing, therefore, were made at a constant tor- 
que, using a weight of 20g. 

Besides, Fig. 5 gives us another important 
knowledge. All the straight lines in the 
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figure fall on one point on the abscissa, cor? 
responding to the load of 2.3g. This values 
means the frictional force of the bearing, 
thus the net weight imposed on the specimen 
was 17.7¢ throughout the following study. © 


radian 


OS 300 
SAMPLE C 
(29:5°C) 


ANGLE OF TORSION 


0 10 20 30 40 50 60 
gram 


Fig. 5. Torsional creep deformation of sample C! 
for different loads at 29.5°C. 


Assuming the linear relationship between) 
stress and strain, the shear creep compliance: 
as a function of time was calculated by 
TE BOD) 

LG medt adam 

where y and / are the radius and length of’ 
the specimen respectively, N the torque, 6! 
the angle of torsion. 

Following the above-mentioned procedures, | 
the creep compliance of five samples, C 
through G, was measured at several tempera- | 
tures from just above the transition tempera- 
ture up to about 40°C. The angle of torsion | 
was read from 5sec to 10 min after loading 
at appropriate intervals. Fig. 6 illustrates an 
example of the data over the logarithmic 
time scale. 

In many of the previous investigations on 
the viscoelasticity of amorphous substances 
the principle of time-temperature reducibility,® 
developed by Tobolsky, Ferry etc., has been 


1 1960) 


very successfully employed. This principle 
jis founded on the basis that all the retarda- 
ition times as well as the steady flow viscosity 
{have the same temperature dependence. In 
| the present case also, the creep curves at 
| different temperatures obey very well to this 
principle. Namely, one can superimpose these 
‘curves by a horizontal shift, thus providing a 
| single master curve reduced to an arbitrary 
|reference temperature. 

| Fig. 7 is the master curve for the sample 
-E reduced to 18°C, the reduced time scale 
}extending from 10-* to 10° sec. In carrying 
out this reduction, the vertical shift of /() 
was neglected in our case, because, since the 
| temperature range of the data is rather 
narrow, the vertical shift Tpo/Too. would 


nn EES 
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modify only slightly the result and, more- 
over, the physical meaning of the vertical 
shift is not @ priori endent for the asphalt, 
whose molecular structure is not well 
understood. 


$6. Temperature dependence function and 
activation energy 


In the process of determining the master 
creep curve, the shift factor az was evaluated 
from the amount by which the creep curve 
at a temperature JZ was horizontally shifted 
so as to fit the curve at a reference tempera- 
ture 7). Fig. 8 shows the relation between 
log ar and temperature for the five samples, 
Ty) being taken as 20°C. 

Since ar is the factor by which all the re- 


One 
10 “emayn 


285°C 


J(t) 


Creep compliance curves for 
illustrated. 


Fig. 6. 


sample E. Curves below and above 18°C are separately 
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Fig.,%7. “Master creep compliance for sample E reduced to 18°C, plotted against reduced time 
(sec). Curve is divided into two portions, each illustrated in different scales. Broken line 


a 


represents elastic compliance. 


tardation times as well as viscosity change JT’, the apparent activation energy H can bed 


when the temperature is changed from 7» to 


10 


i 
20 
ae, 


30 


40 50 


Fig. 8. Shift factor av reduced to 20°C for five 


samples. 


1 2 3 4 


by the equation: 


T=? OR d (log ar) (2) 


(zp) 
4 
where RF is the gas constant and T is absolute 
temperature. This quantity is plotted ii 
Fig. 9. 
Williams, Landel and Ferry have found” 
that, when the shift factor is reduced to the 
standard temperature 7; which must be 
suitably chosen for each substance, the follow- 
ing equation holds to all glass-forming subs- 


Kea Anol 


150 


ACTIVATION ENERGY 


Le 


) 19 2 30 o 


Fig. 9. Apparent activation energy plotted against! 
temperature. 
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tances ever studied: 

Sraeo Ta) 3 ' 
WLP Ty * ) 
Moreover, according to them, 7; is always 


about 50° higher than the glass transition 
temperature. 


log ar= 


9 
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§7. Steady flow viscosity 


The master creep curve, an example of 
which is shown in Fig. 7, has a linear por- 
tion for large values of time when plotted 
over not logarithmic, but linear time scale 
(see Fig. 11). Since in this time interval the 
increase of deformation is only ascribed to 


Table Il. 

Sample Ts(°C) Ts— Ty 
ae Z nie eae | = : 
Carnell ssesarsnd in) tiesaas 
D 56 56 
E 54 | 56 
F 50 56.5 

Ce: 49 


56.5 


Table III, Steady flow viscosity (poise). 


wos [Phe ool of ivieateyrat) SCaeaIeE 
Semple |log w@0rO)| elevated | som a. 
fas all eo ie ae | 
i 13.15 | 4.88114) | 4.64 (114) 
D 12.70 | 4.44 (117) | 4.53 (117) 
E 12.10 | 4.02 (110) | 4.48 (110) 
F 10.45 | 3.75 (104) | 3.65 (104) 
G 6.69 | 3.60 (O71 3-317 


J. 


ak 


=50) 


-40 


-30 


=20 


-10 


T-T1s 

Fig. 10. Temperature dependence of shift factor 
reduced to standard temperature 7’, which is 
56° higher than 7%. 
liams-Landel-Ferry’s equation. 


Fig. 10 shows that Eq. (8) applies very 
well to asphalt also. Js was determined by 
the following procedures: An experimental 
plot of log ar (for arbitrary reference tem- 
perature) against T is matched to the plot of 
Eq. (3) with horizontal and vertical transla- 
tions, using transparent paper, for the best 
coincidence in shape. Js; can be determined 
in this manner within +1°C. The values of 
T; thus obtained are listed in Table II. It 
must be realized that 7; is 56° higher than 
T, in Table I for all the samples. This fact 


offers a clear evidence to the prediction re- 


ferred in §3 that the break found in volume- 
temperature curves should correspond to the 
glass transition ternperature. 


Solid line represents Wil- 


SAMPLE Ec 


10 %m?/dyn 


1 L 
©) 4 10* sec 2 


Fig. 11. Master creep compliance for sample E 
reduced to 18°C plotted in linear time scale. 


viscous flow, the slope of this linear portion 
is equal to the reciprocal of viscosity. In 
Table III the viscosity at 20°C is evaluated 
from the master curves. Viscosities at other 
temperatures can be obtained from 7(T)= 
7(20°C) ar, using ar given in Fig. 8. As far 
as Eq. (3) can be applied, (7) can also be 
expressed by 


1892 
8.86(T— Ts) 
log o(T)=log (T's) — Tero Ts) 
8.86(20—Ts) 


slog 720°C) + 307 6+4(20—T» 


8.86(T— Ts) 
AG) oe cay Ba 


ati (4) 

For many glass-forming substances, Eq. (3) 
has been found approximately valid up to 10 
degrees above Jy.” This is also the case 
with asphalt. Jn Table III the viscosity at 


1 Sem dyn 
10 
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elevated temperature, observed by a capillary 
viscometer, is listed. In this experiment the 
rate of shear was so small that non-newtonian 
behaviors were not observed. 
are in fairly good agreement with the cal- 
culated ones (see the fourth column in Table 
3) from 7(20°C) using Eq. (4). The agreement 
is rather surprising, considering that the cal- 
culated viscosity is extrapolated from that at 
20°C which is higher than the former by the 
factor of 10°~10°. 


— 


LOG (Vo,) 


2 3 4 5 


Fig. 12. Elastic compliance reduced to 20°C plotted against reduced time (sec). 


§8. Retarded elasticity and distribution of 
retardation times 


By substracting viscous flow (¢/7) from 
creep compliance, elastic deformation can be 
separated out. Since instantaneous elastic 
compliance is estimated to be less than 10-'° 
cm2/dyn from the rigidity below Ty (see Fig. 
3) and gives only a negligible contribution to 
the total compliance, the elastic part is nearly 
wholly ascribed to retarded elasticity. This 
was also experimentally verified by recovery 
test after creep. 

The elastic compliance j/-(t) reduced to 20°C 
is shown in Fig. 12 for the five samples. 
Equilibrium elastic compliance J.(cc) is about 
8x10-°cm?2/dyn. From the shape of the 
curves one sees that they can be expressed 
by not a single, but multiple retardation 
times. The distribution function of retarda- 
tion times can be calculated in a first ap- 
proximation by the following formula:® 


x G Set) 
Lilog ’)=0.434| lee ae ne (5) 


The function L(log 4) reduced to 20°C is 


illustrated in Fig. 13 in logarithmic scales. 
As is readily seen, the function for all the 
samples is of a wedge shape, that is, log L 
linearly increases with log 2 up to the maxi- 
mum retardation time and suddenly falls off. 
The slope of wedge is 0.5 for F and G, and 
less for C, D and E. It must be noticed here 
that the distribution function of a wedge 
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Fig. 13. Distribution function of retardation times 
reduced to 20°C. 
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shape is widely observed for linear amor- 
phous polymers above glass transition tem- 


> perature.” 


Discussions 


Summarizing the results, it follows: 

(1) Asphalt exhibits glass transition tem- 
Ty becomes higher with in. 
crease of asphaltene content X. The intensity 
of transition decreases with increase of X 
and the transition disappears for X more than 
70%. 

(2) Above TJ, asphalt is viscoelastic. 
Dynamic loss peak is observed in this region. 
The temperature of maximum loss becomes 
higher with increase of X. 

(3) The temperature dependence of steady 
flow viscosity as well as retardation times 
obeys Williams-Landel-Ferry’s equation, when 
the standard temperature is taken 56° higher 
than Ty. 

(4) The viscosity and maximum retarda- 
tion time at a given temperature, say at 
20°C, markedly increase with X. 

(5) The equilibrium elastic compliance and 
peak intensity of distribution function of re- 
tardation times are rather insensitive to X, 
being about 8x10-° cm?/dyn and 2x 10-° cm?/ 
dyn respectively. 

(6) The distribution function of retardation 
times are, when plotted in logarithmic scales, 
of a wedge shape, the slope being 0.5 for the 
samples of low X, but less for high X. 

From all of these experimental facts, we 
may deduce some conclusions about the 
molecular structures of asphalt. From the 
above facts we can safely conclude that linear 
hydrocarbons, the major component of mal- 
tenes, play the chief role in the glass transi- 
tion and the mechanical dispersion phenomena 
accompanied with it, whereas cyclic molecules 
in asphaltenes perhaps may have rather 
hindering effect on the brownian motion of 
linear molecules. 

A recent theory of Rouse! for the vis- 
coelastic properties of isolated chain molecules 
predicts that the distribution function of re- 
tardation times should be of a wedge shape 
with the slope of 0.5. The same slope is 


- predicted for a network chain structure from 


the extension of this theory.’ In fact, all 
the amorphous linear polymers have the dis- 
tribution function of this type above Ty. 


Glass Transition and Rheology of Asphalt 


1893 


Since the same behavior is observed in the 
present case, it may be reasonably said that 
linear molecules in asphalt form a network 
structure and the retarded elasticity may be 
ascribed to microbrownian motions of chain 
segments between temporary crosslinking 
points. 

A remark, however, must be here noted. 
Strictly speaking, since the average molecular 
weight of asphalt is several hundreds*, mole- 
cules in asphalt can only approximately form 
such a network assumed in the Rouse theory, 
in which a chain is considered to consist of 
many submolecules, portions of polymer chain 
long enough for the separation of their ends 
to approximate a Gaussian probability dis- 
tribution. But it may not be unreasonable, 
as a first step of approach, to assume a net- 
work structure in asphalt. 

Cyclic molecules may get in the space 
among the network and disturb its thermal 
motion. It is not impossible to assume, ac- 
cording to many colloid-chemical studies of 
asphalt,®) that cyclic molecules may be in an 
associated state. Of course, some of the 
cyclic molecules may form the network 
together with linear molecules and increase 
the stiffness of chain. 

According to the statistical theory!” of a 
network structure, equilibrium elastic com- 
pliance J-(co) is written as 


Jeoo)= ae > (6) 
where / is the molecular weight of a chain 
segment between two crosslinks, o the density 
of segment, R the gas constant, 7 the ab- 
solute temperature. Using the observed value 
of Je(co)=8 x 10-* cm?/dyn and assuming 9 =0.5 
g/cc (0 is not the density of asphalt as a 
whole, but of network-forming components 
only), we get M=100. This value is very 
reasonable compared with the average mole- 
cular weight of asphalt. 

In conclusion, it is to be hoped that a 
knowledge of not only viscoelastic properties, 
but also dielectric dispersion, nuclear magnetic 
resonance etc. might allow a more precise 
picture of molecular behaviors in asphalt. 
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The flow of an electrically conducting viscous incompressible fluid due 
to uniformly accelerated motion of an infinite flat plate is discussed. A 
uniform magnetic field fixed relative to the fluid is supposed to be 


present. 


It is found that when the induced field is negligible compared 


to the imposed field, velocity at any point and at any instant decreases 


with the increase in the magnetic field strength. 


It is further shown 


that the increase in magnetic field results in an increase in the drag 


suffered by the plate. 


§1. Introduction 


The magnetohydrodynamics of the flow of a 
viscous, incompressible and electrically con- 
ducting fluid in the presence of an external 
magnetic field due to the impulsive motion 
of an infinite flat plate has been discussed 
by Rossow”. Recently Ong and Nicholls 
have extended the problem to cover the case 
of the flow near an. infinite wall which execu- 
tes simple harmonic motion parallel to itself. 
In both the problems, however, the induced 
magnetic field produced by the current has 


been neglected. Kakutani® has included this 
induced field while considering the flow of a 
hydromagnetic fluid in the presence of an 
oscillating flat plate. 

In this paper the flow of an electrically 
conducting viscous incompressible fluid due to 


the accelerated motion of an infinite flat plate 
in the presence of a uniform. magnetic field 


is discussed. The. induced magnetic field is 
neglected as in. the case of previous workers. 
The velocity profile is found in the case when 
the magnetic lines of force are fixed relative 
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to the fluid and finally the skin friction is 
calculated. 


§2. Basic Equations and their Solutions. 


Let x denote the coordinate parallel to the 
direction of motion of the plate and y the 
coordinate perpendicular to it. At time ¢<0, 
the fluid and the plate are assumed to be at 
rest. The plate starts moving at f=0. A 
uniform magnetic field By fixed relative to 
the fluid is acting along y-axis. The equations 
of hydromagnetics are: 

a) Maxwell’s equations (neglecting displace- 

ment current) 
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b) Ohm’s law: 


=> 


B= mH (5) 
c) The equation of continuity for the fluid: 
div g =0 (6) 

d) The modified Navier-Stokes equation: 


> 


See grad Adeuetg ee jXB 
Ot 0 0 
Cia) 


Where E is the electric field, B the electro- 
magnetic induction, H the magnetic field, 
ye the magnetic permeability, o the electrical 
conductivity, g the velocity of the fluid. All 
electromagnetic quantities are measured in 
electromagnetic units. 

In the present problem it 
following Meyer® that no applied or polariza- 
tion voltages exist. i.e., 0. This then cor- 
responds to the case where no energy is being 
added or extracted from the fluid by the 
electrical means. The magnetic effects are 
confined to retarding the flow and dissipating 
energy of motion into heat. Since the plate 
is infinite, the physical variables will depend 
on y (the distance from the plate) and ¢ only. 
Hence if q=lu, v) eqn. (6) gives 0v/dy=0. 
This by virtue of the fact that v=0 at the 
plate, gives 


is assumed 


Electrically Conducting Fluid Near an Accelerated Plate 


1895 
v=0 (8) 
everywhere. 

In general, the electrical current flowing in 
the fluid gives rise to an induced magnetic 
field which distorts the applied magnetic field, 
which would exist if the fluid were an elect- 
rical insulator. However, since the viscous 
boundary layer is thin and thermally ionized 
air is at best a poor electrical conductor it is 
permissible to neglect the induced field com- 
pared to the applied field acting along y-axis. 
This permits the following simplification for 
B=(Bz, By): 

Ba — 0a CONStalt—ts, (9) 
These clearly satisfy eqn. (3). Using eqn. (5) 
(with E=0), (8) and (9), the ponderomotive 
force F=j <B/o in (7) will have the follow- 
ing components 

—oB?u. 


F,=——;  Fy,=0 (10) 
0 
Egn. (7) now gives with q=(uly,t), 0), 
Ou Ou oBoru 
=y -———- 11 
Ot Oy? 0 oy 
0=- Et op (12) 
0 Oy 
Eqn. (12) gives 
p=constant (13) 


Eqn. (11) is to be solved subject to the follow- 
ing conditions: 


u=0 everywhere for ¢<0 (14) 
PME AVSO, WY (15) 
u=0or finiteat y=, 0 


The Laplace transform of (11) with respect 
to ¢ together with eqn. (14), gives 
au 


= Wi= 16 
vay (p+m)a=0 (16) 
where 
co 2 
a= Su(yatle*dt, (b)0); = . (17) 
The solution of (16) is 
ua=C,exp [—y{(p+m)/v}/] 
+C: exp [y{(p+m)/v}7] (18) 


Eqn. (15) gives 
AI'(n+1) 
poe 

and u=0 or finite at y= 00 
Using these conditions, eqn. (18) gives 


at y=0 
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For a uniformly accelerated plate m=1, so 
that eqn. (20) gives 
C+too ie eaeEs 
A ept—b,/p+a2 
jt) =—_ | ————d 21 
uly,t)=5 | ap (21) 
where 
ba a=m (22) 
Putting p+a’=v", eqn. (21) gives 
Ae-@ errt—ov 
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where Brz is the Bromwich path defined in 
McLachlahn®. 
Integrating along Brz, we have 
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Differentiating equns. (24) and (25) with 


respect to a under integral sign and substitut- 
ing in (23), we get 


u(y,t)= eat a erfe a 
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which gives the velocity distribution. 
For. n=2, 
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This gives on putting p+a?=v? as before, 


u(y,t)=—— dp 


ee eri 
2a (v—a) 

Differentiating eqn. (24) and (25) twice with 
respect to a under integral sign and substitut- 
ing in eqn. (27), we get after a lengthy 
calculation, 
A 
16a? 


(27) 
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(28) 
This method can be generalised to calculate 
u(y,t) from (20) for any positive integral 
value of x. 
Substituting the values of 6 and a from eqn. 
(22) in eqn. (26), we get 
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Introducing the non-dimensional variables 
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eqn. (29) can be written as 
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It may be noted that a@=y7/ toB,?/0 may be 
looked upon as the non-dimensional Hartman’s 
number in the unsteady motion. A graph is 
drawn showing the variation of O(7,a0) with 
» for different values of a. It follows from 
the graph that for a fixed ¢, velocity at any 
point in the fluid decreases with increase in 
a i.e. the magnetic field strength. This is 
to be expected physically for the effect of 
magnetic field is to bring about a certain 
amount of “‘stiffness’’ in the fluid resulting 
in a consequent decrease in the velocity of 
the fluid. 


§3. Determination of the skin Friction. 
Skin-friction is given by 
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This gives after using y=y/V/vt 


Rey Ls 
ed 2a0 


| Cart l)erfe ao+ ss ae ast 


(32) 
Introducing the drag-coefficient c..* defined by 


(33) 


id Ca = \erfe Oye 2 jag (34) 
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V 
The following table shows the variation of 
to* for different values of do. 


Ao | Tw* | Qo To* 
Bl 2.259 7 2.606 
ae 2.288 8 2.710 
5003 DEOLo 9 2.821 
A Zot 0 2.944 
At) 2.438 bags) 3 661 
6 2.519 2.0 4.499 
§4. Discussion. 


The fact that the drag increases with the 
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increase in the magnetic field is due to the 
following physical considerations. 

Because of the motion of the fluid in the 
magnetic field, an associated electrical field 
is produced, which according to Ohm’s law, 
sets up electrical currents in the fluid if the 
latter be a conductor. The interaction of 
these currents with the magnetic field then 
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produces a body force which must be included 
in the Navier-Stokes equations for the motion 
of the fluid. The effect of this body force is 
to inhibit the motion of the fluid across the 
lines of force. The natural tendency of the 
fluid to move along the plate is opposed 
resulting in an increase in drag. 


I thank Dr. G. Bandyopadhyay for some 
helpful suggestions in the preparation of this 


paper. 
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Decrease of permeability with time after the 
demagnetization by alternating current is known 
under the name of disaccommodation (D.A.). It 
has been proved that D.A. of a-iron is caused by 
the diffusion of C or N atoms in the interstitial 
sites. On the other hand, when the substitutional 
ferromagnetic alloys, which are constituted of Fe, 
Co, Ni and others, are heat-treated in magnetic 
field, their magnetic properties are changed more 
or less. This is well explained by the formation 
of directional order which can be realized by the 
diffusion of the elements!). Then we can expect 
that these substitutional alloys also exhibit a mag- 
netic aftereffect at elevated temperatures.2) Con- 
versely, we can investigate the kinetics of direc- 
tional ordering by means of the measurements on 
magnetic aftereffects of permeability. 

From this point of view, D.A. of Ni-Co alloys 
was observed. The specimens whose dimension is 
0.2 m/m X7 m/mx 300 m/m were obtained by melting 
the electrolytic Ni and Co in vacuum and cold- 
rolling. D.A. was measured with a sinusoidal mag- 
netic field of 160 c/s whose amplitude was 0.039 ce. 
The induced voltages in the secondary coil, after 
amplified and rectified, were recorded as the perme- 
ability. Prior to the measurement of D.A., the 


Fig. 1. D.A. of 30% Co-Ni alloy after cooling to 
the measuring temperature in 30 cersteds. Ordi- 
nate represents (1]pco—1/p) [1] prc — 1/9). 


specimen was heated to 900°C and maintained for ' 
one hour at that temperature, then cooled in mag- © 
netic fields of 30ce to the temperature, at which | 
we could make the measurement, and again main- 
tained for about one hour. The heat-treatments — 
and measurements were done all in dry hydrogen 
atmospheres. Because of the cooling in a magnetic - 
field, the change of directional order after demag- 
netization may be supposed to occur almost in 
180°-walls. 

Fig. 1, where ordinate corresponds to (—l/z), > 
shows the D.A. at various temperatures. These | 
curves cannot be explained in terms of single re- 
laxation time but present the distinct linear part 
with logt. According to the representation due to 
Néel’s calculation?), in which the logarithmic distri- 
bution of the relaxation time, ct, was assumed, the 
ratio of tmax tO tmin could be obtained as about 
135 from the linear part for all temperatures of 
the measurements. Also, activation energy, ca. 
2.5e.v., was obtained from the dependency on tem- 
perature of relaxation times. This value agrees 
with the activation energy obtained by Yamamoto 
et al.4) in the case of induced anisotropy energy 
measured at room temperature after cooling in 
magnetic field for the alloy of same composition. 

From these experimental results, we find out 
that also for the substitutional alloys in which the 
number of diffusable atoms is great, the magnetic 
aftereffect may be described on the assumption of 
logarithmic distribution of relaxation time. How- 
ever, the width of distribution in these cases is 
much broader than in the case of a-iron, in which 
the ratio is ca. 305), although the magnetic struc- 
tures are simpler due to the cooling in a field. In 
order to explain this width, it may be necessary 
to take in the interactions of atoms that migrate 
under various situations. 

We also investigated this alloy with the Co con- 
tents from 40% to 70%. Detailed results will be 
reported later. 
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It has been shown experimentally by lida et al!) 
that, in iron cobalt ferrites, the magnitudes of the 
unixial anisotropy induced by the cooling in a mag- 
netic field depend essentially on the degree of oxi- 
dation of the specimens. A postulate has also been 
presented by them that directional configuration 
among Co++, Fe++, Fet+++ and cation vacancies 
might play an essential role in this phenomenon. 
On the other hand, Bickford et al?) have obtained 
a series of remarkable results for the cobalt poor 
specimens in highly oxidized states, which can be 
explained by assuming that the induced anisotropy 
in these specimens comes from the preferential 
occupation of Co++ ions among four different sites 
of 16d lattice points. Based upon this result they 
have suggested that, the role of cation vacancies 
might be only to make the movement of cations 
easy at high temperatures. In contrast with this 
suggestion, however, the further experiment made 
by them) for reduced specimens rather shows that 
the magnitude depends upon the vacancy concen- 

Ku 
2.0 


an ae 
ge Ce 


Ons, SarNO 50 100 
ti, 


min. 


Fig. 1. Relation between final magnitude of an- 
neal induced anisotropy Ku and relaxation time 
ti/2. It should be noticed that the range of 
permissible errors is not equal for plus and 
minus side. This is due to the experimental 
condition of each measurement. 
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tration. Therefore it has become uncertain whe- 
ther the amount of cation vacancies influences the 
final equilibrium magnitude of the uniaxial aniso- 
tropy or not. 


Polycrystalline Co,Fe;_,O, specimens containing 
cation vacancies in various concentrations were 
made and the final magnitude of the anneal-induced 
anisotropy Ku and the relaxation time t,/. (the 
time at which Ku becomes one half of the initial 
value) were measured at high temperatures by a 
torque meter!). Special care was taken in order 
to control and homogenize the concentration of 
cation vacancies. Adequate reduction of the speci- 
men was made by heat treating each specimen 
sealed in a small quartz container with a little 
amount of metallic iron as a reducer. Magnetic 
measurements were also made with the specimen 
in the sealed state. It should be emphasized that 
before measurements each specimen was always 
annealed at 600~800°C for about two days. 

The results for two typical compositions. are 
shown in Fig. 1. As is shown clearly, the final 
magnitudes of the unixial anisotropy do not depend 
on the change of the relaxation time of the speci- 
mens. Although analysis of the cation vacancy 
content of each specimen has not yet been per- 
formed, the relaxation time observed is considered 
to be inversely proportional to the density of 
vacancies in a certain range of the density (this is 
inferred from a recent stochastic and the statistical 
thermodynamical analysis)!).5). Therefore, it can 
be concluded that although the amount of cation 
vacancies present influences the rate of cation mig- 
ration very much, it does not affect the final magni- 
tudes of the induced anisotropy, in accordance with 
the suggestion made by Bickford et al. We believe 
that this conclusion is hold for the entire range of 
Co,,Fe3—7O.. 

From this result it is presumed that, in the case 
of Bickford et al, the homogeneity of specimens 
has not been enough. It should be remarked that 
in our case of 7=0.063, the homogeneity of the 
specimens is guaranteed further by the single re- 
laxation time character of all relaxation curves 
observed. 

Observations were also made with specimens 
which had been reduced severely. The relaxation 
time increases very much and the measurements 
could only be made at high temperatures (400~ 
550°C). Moreover, the activation energies calcu- 
lated are quite different from that of oxidized 
specimens. It is suggested that the cation migra- 
tion in this case is taking place by a different 
diffusion mechanism (interstitialcy diffusion). 
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Colour Center and Gaseous Ions Produced 
in High Frequency Spark between the 
Electrodes of Semi-metals, Metal 
Elements, and Ionic-crystals 


By Toshiyoshi YUASA 


Department of Chemistry, School of 
General Studies, Kyoto University, Kyoto 


(Received May 17, 1960) 


A double focusing Mattauch-type mass spectro- 
meter with a high-frequency spark ion source was 
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used here. Hintenberger!), by using the same | 
kinds of apparatus as the author’s, has already | 
found the lines of C molecule ions from C,+ to 
Cogt in the spark between graphite electrodes. | 
However, the mechanism of production of mole- 
cular ions is not clear yet. To find out what kinds 
of electrode elements are capable of producing such 
molecular ions, experiments were performed by 
the author in the following way. The material tc 
be examined was prepared in the form of rods. | 
Two such rods were required for each sample and 
were mounted in the spark ionization source with 
their tips apart and directly. The source was — 
evacuated and, when the pressure has fallen to 
about 2X10-6 mmHg, a spark voltage was applied 
to the sample rods. The mass spectrum was re- 
corded on a Ilford Q-II photographic plate. 

The experimental results obtained were as shown 
in Table I. Table I shows that their singly-charged 
poly-atomic molecular ions are produced for only 
the semi-metallic samples. When the samples of 
alkali-halide single crystal were taken out from 


Table I. 
Sample Ions found 
Gc CG. *, C,t, Cyt, Cot, Ct, C2+ 
Si Sige else, ELSI. a OlsieeOlot | Orin Si?*, 
Ge Ge,t, Gest, Ge,t, Get, Ge2+, Ge3+,  Gett 
Se Sexteest, Set, Se?+, 
Te | Te,t, Tet, Te?2+, 
Sprites SB,*, Shit) @SbP, g Sb ys Shee 
Bi Bit Bae Bitte Bitte Bilite ge bics 
Al Alt Alt, 
4 ics Ti+, 
Fe Fet+ Fe2+, Feit 
Ni Nit, Ni2+, Nis+ 
Cu Cu Cua 
Zn Znt, Zn2+,  Zns+ 
LS | Lite Zr2+, Zr3+ 
In | Int, In2+, In3+ 
Sn Snt Sn2+,  Sn3+ 
lke Ptt Pee Pte eet: 
Au Aut Au2+, Au3+ 
NaCl Nat, Na?t+, Clt+ 
LiF iver, Cray me alisha eas son f Bt 
KBr Ke+ 


K3+, 


spark source after examination, it was observed 
that the crystals were held in their shape and 
moreover colour centers were formed finely; yellow 
for NaCl, yellowish brown for LiF, and cobalt blue 
for KBr. More detailed studies will be reported 
later. 


The author wishes to express his thanks to Mr. 
S. Nasu for his cooperation in the experiments. 
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Magnetic Transition in TiCl, 


By Shinji OGAWA 


Research Institute of Applied Electricity, 
Hokkaido University, Sapporo 
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The nature of the magnetic transition in oxides of 
titanium and vanadium has been recently discussed 
by Carr and Foner!), and Goodenough?) has pointed 
out an importance of a direct cation-cation inter- 
action in the ionic crystals which contain the tran- 
sition metal ions having less-than-half d electrons. 

A magnetic transition of similar nature has been 
observed in TiCl;. Two different results of the 
magnetic susceptibility of polycrystalline TiCl, have 
been reported by Starr, Bitter and Kaufmann?) and 
by Klemm and Krose‘). Our measurement shown 
in Fig. 1 is in good agreement with the latter’s. 
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Fig. 1. The magnetic susceptibility of polycrystal- 
line TiCl,. 


It was tried to measure the magnetic torque of a 
small single crystal of hexagonal plate-like shape 


_which had grown up in preparing TiCl; by the 


method of reducing TiCl, with H, gas‘), but the 
amplitude of torque was so small that it could not 
be measured with the torque magnetometer used. 


. However, the difference between y, and x1, the 


slight difference in lattice constants. 


magnetic susceptibilities parallel and perpendicular 
to the c-axis*, has been estimated to be less than 
3x10-7cgsemu/gm in the range of temperature 
from 77° to 370°K. Combining both results, it is 
concluded that both y, and y, decreases abruptly 
at the transition temperature, 7;=217°+2°K, in 
contrast to normal antiferromagnetic substances. 
This anomalous transition suggests a possibility of 
a lattice distortion at 7,5). An X-ray measurement 
was therefore made. Powder patterns were re- 
corded on a Norelco diffractometer using a copper 
radiation. The room temperature pattern is in 
good agreement with that in literature®), except a 
At digs a 


* The crystal structure of TiCl; is rhombo- 
hedral, Cz;2—R3, but a hexagonal representation is 
used in this note, 
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change in lattice symmetry was not found, although 
its possibility was not denied because of the 
broadening of diffraction lines below 7;. However, 
the lattice spacings changed rather abruptly at 
T,. The lattice constants a and c determined 
from the (30.0) and (00.12) lines respectively are 
plotted against temperature in Fig. 2. At T;, the 
lattice contraction in the plane perpendicular to 
the c-axis is so large that the expansion in the c- 
direction cannot prevent a volume contraction. 


17.66 
64 
62 


100 200 


TelOK) 


300 400 
Fig. 2. The temperature dependence of lattice 
constants a and c¢. 


Tis+ ions in TiCl; crystal form a honeycomb lattice 
in the plane perpendicular to the c-axis and each 
lattice plane is separated from the next plane with 
intervening two hexagonal lattice planes of Cl- 
ions. The observed lattice distortion suggests a 
formation of the bonding among Ti+ ions in the 
plane perpendicular to the c-axis below T;, favor- 
ing the model proposed by Goodenough?). A long- 
range antiferromagnetic ordering below T;, is doubt- 
ful. An examination by means of neutron diffrac- 
tion is desired. 

The author would like to thank Professor Y. 
Yokozawa for his continuous interest. 
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On “‘Screened Impurity Potentials 
in Metals’”’ 


by Ralph J. HARRISON and Arthur PASKIN 


Materials Research Laboratory, Ordnance 
Materials Research Office, Watertown, 
Massachusetts, U.S.A. 


(Received July 6, 1960) 


Takimotol) has recently derived an expression 
for the Fourier transform of the screened impurity 
potential in a cloud of conduction electrons. This 
expression agrees with that obtained by Silverman 
and Weiss?), Langer and Vosko®) and Izuyama?). 
MclIrvine®») has made an examination of the spatial 
form of the screened potential obtained by integra- 
tion of Takimoto’s expression for the Fourier 
transform. MclIrvine showed that for one limiting 
range of values of the screening parameter the 
integrand has poles on the imaginary axis which 
contribute an exponentially screened term of the 
customary Thomas-Fermi (T-F) form. For another 
range of values of the screening parameter there 
are complex poles which give rise to an exponen- 


0.3 


-0.1 


Fig. 1. Radial charge density about an impurity 
in Cu as function of distance from impurity. 
Q’=dQ/dR. 

—— From numerical integration of Takimoto 
potential. 

From customary T-F expression. 

— — — Difference 
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* These result were obtained in connection with 
a calculation of the nuclear quadrupole interaction 
in alloys discussed in part in a post-deadline paper 
presented by Dr. Paul L. Sagalyn and the present 
authors at the March 1960 (Detroit) Meeting of the 
American Physical Society. 


tially damped oscillatory term. MclIrvine did not: 
consider, however, the contribution to the integral} 
arising from the logarithmic singularity of the) 
integrand in the region «=2k , where « is the) 
magnitude of the wave vector in transform space} 
and ky is the absolute value of the Fermi wave y 
vector. The importance of this region was pointed | 
out by Langer and Vosko*). The second derivative } 
of the integrand has a real pole here which gives || 
rise to an undamped oscillatory term which would } 
becme dominant at large distances for all values: 
of the screening parameter. Langer and Vosko) 
have derived an experession for the change density ' 
asymptotically valid at large distances and has alse | 
presented results of numerical integration vaild to. 
small distances. 

In Fig. 1 we present results* obtained from «# 
similar numerical integration of Takimoto’s ex- 
pression using the value of the screening paramete® 
for copper, assuming the free clectron value of 
Fermi energy. For convenience, the quantity plotted 
as the solid curve is radial charge density, dQ/dk, 
where dQ is the charge contained in the sphericai 
shell defined by spheres of radius R-+dR, and where 
R=2kor, with r the distance in real space. For 
comparison, the customary T-F radial charge 
density is also plotted in Fig. 1, as well as the 
difference between it and the Takimoto radial | 
charge density. It is noteworthy that the difference 
curve is quite close to the values given by the | 
asymptotic expression from large values of R down | 
to about half the nearest neighbor distance, i.e. | 
between R=3.5 and o5, dQ/dR is quite closely | 
given by 

dQ/dR =(— Ze) [a?R exp (—aR) 

— 2 (1-+402)-2R-1 cos R], 
where Ze=assumed charge on impurity, q=T-F 3 
screening parameter, a=q/2k) andaR=qr. Inthe 
example illustrated, a~2/3. It is possible that for | 
much smaller values of a, a representation as the 
sum of a damped oscillatory term of the type |) 
suggested by MclIrvine and the Langer-Vosko | 
asymptotic form would prove useful. \ 
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Electrical Properties of Heavily Doped 
N-type Germanium 


By Yoshitaka FURUKAWA 


The Electrical Communication Laboratory, 
Musashinoshi, Tokyo 


(Received August 4, 1960) 


It has been reported that!) for the same electron 
ul density, mobility in Sb-doped germanium is higher 
it than that in As-doped germanium, and that?) phonon 
| assisted tunneling is observed in Sb-doped junctions 
of germanium but not in P- and As-doped junctions. 
Therefore, the effect of simultaneous doping of 
these impurities on the electrical properties of 
| germanium may be an interesting problem. 

Hi For this purpose, four crystals containing both 
As and Sb have been prepared. Rough estimation 
for As concentration at the top (seed side) of the 
crystals and at the portion where single crystal 

‘| breaks is given in Table I. 


Table I. 


Crystal |As(cm-8) m(cm-%) As (cm-%)| »(cm-8) 


top top tail tail 
No.1 | ~2x1018 | 4.81018! ~1019 1.6 1019 
No. 2 | ~5 xX 1017 3.0 1018 | ~3x 10% | 8.7 1018 
No. 3 | ~10!7 | 1.7x1018| ~1018 (5.2x108 
No. 4 ~2x1017/ 2.3108) ~6x101" | 4.7108 


at room temperature 


o Nol 
¢ No2 
4 No3 
+ No4 


—3, 3 
ee Resistivity (Ohm-cm) one 


Fig. 1. m versus ¢ relation. 


Fig. 1 shows electron ‘concentration (n) versus 
resistivity (o) relation. Solid lines!) in this figure 
correspond to As- and Sb-doped germanium. As 
will be seen from this figure, measured points for 
samples with small r (r=As concentration/total 
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donor concentration) lie on Sb-doped line, while 
measured points for samples with large r lie on 
As-doped line. It has been estimated that the tran- 
sition of measured points from Sb-doped line to 
As-doped one occurs at r=0.2. 


1.0 


Sb- Doped 
0.5 r=Q2 
r>o2 
< r>a2 


As Concentration 
=10'%cm3 


O 10 


COmmSO MN Om SO 
© V (mv) 

Fig. 2. V-1 characteristic of Sb- and (As+Sb)- 
Doped Junctions at 4.2°K. 


60 70 


At first, it was expected that indirect tunneling 
would not be observed in diodes made of (As+Sb)- 
doped germanium in which r>0.2 and 1% lies on 
As-doped line shown in Fig. 1. However, the ex- 
perimental results did not agree with this expec- 
tation. Fig. 2 shows a typical example of current- 
voltage characteristics of Esaki-diodes made of Sb- 
and (As+Sb)-doped germanium at 4.2°K. Indirect 
tunneling?) associated with longitudinal acoustic 
phonon has been observed even for the samples in 
which r>0.2 and As concentration is about 1019 
cm-3, However, tunneling associated with trans- 
verse acoustic phonon is quite ambiguous for all 
samples measured in present experiment (except 
Sb-doped diodes). 

Two different interpretations have been given 
for the difference of tunneling processes (direct 
and indirect) in As- and Sb-doped junctions. One?) 
is based on modification of conduction band edge 
form, and another?) is based on the difference of 
impurity. scattering. To explain the present ex- 
perimental results, the latter interpretation seems 
to be preferable. AS 

Details will be reported in the near future. 

The author thanks Mr. Z. Kiyasu, Associate 
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Director, and Dr. T. Niimi heartily for the guidance 
in this work. 
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Radiation of Plasma Oscillation 
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In a previous paper we reported that a radiation 
having the frequency of the electron plasma oscil- 
lation was found with a Yagi antenna in a frequency 
region of about 700 Mc!). Further studies on this 
radiation have been carried out in microwave region. 
The discharge tube used was a mercury filled hot 
cathode tube having a pair of probes and two grids 
which were first introduced by Takayama to elimi- 
nate low frequency oscillations of the discharge?). 
The geometry of the tube is shown in Fig. 1. The 
radiation was detected with a electromagnetic horn 
and a superheterodyne receiver whose intermediate 
frequency was 70 Mc with a band width of 2Mc. 
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Fig. 1. Resonance curve of radiation. 
Full line shows power of radiation in arbitrary 
scale. 
Dotted line shows reflection ratio. 


* Simultaneous measurement on the radiation 


and reflection will be tried in near future. 
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In order to determine the electron concentration }| 
of plasma, an experiment on microwave reflection i 
was also carried out by using a klystron signal || 
source. Reflection ratios were measured with a) 
standing wave ratio meter. | 

Since the electron concentration varies as the? 
discharge current was changed, the power of radi-. 
ation was measured as a function of discharge; 
current at a fixed frequency of the receiver. 
result at a frequency of 9600 Mc is reproduced 
in Fig. 1 with a full curve. The reflection ratios) 
which were measured at nearly same condition are: 
also shown in the figure with a dotted curve. The} 
radiation shows a predominant resonance at the» 
current where the reflection reaches a saturation.. 
Since at this current the frequency of plasma oscil- | 
lation becomes 9600 Mc, the radiation seems ta) | 
originate from the plasma oscillation. 

The power of radiation at the resonance peak. 
was roughly estimated to be a order of 10 yyw. 
The thermal noise of plasma in the above case was iff 
very small. The apparent half width of the reso-. 
nance curve corresponds to about 200 Mc in frequen. | 
cy scale. The true width, however, may be small-. 
er than 60 Mc, because the superheterodyne appa- 
ratus receives a image frequency besides the desired 
frequency. The hight of the resonance was almost. 
constant for the whole region of positive column. 
In the vicinity of the cathode, the first grid or the | 
probe, however, the radiation was very strong.. 
This fact seems to agree with the previous conclu- -f) 
sions that the plasma oscillation is strongly excited | 
in front of the cathode and that the transformation i} 
of plasma oscillation into radiation takes place}| 
markedly at inhomogenious plasma. | 


the resonance sank below the noise level of the »| 
apparatus. 

Such resonance was not observed in usual fluo- ‘| 
rescent lamp of 10 watts. However, long tubes of || 


current which gives rise to the plasma oscillation i 
having the frequency equal to that of the receiver...) 
Above this current the well known noise radiation) 
was observed. 
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The Effect of 0’ Phase on the Plastic 
Deformation of an Age-Hardenable 
AlL-Cu 4% Alloy 


By Keisuke MATSUURA and Shigeyasu KopA 


The Research Institute for Iron, 
Steel and Other Metals, 
Tohoku University, Sendai 


(Received August 4, 1960) 


In the previous short note!), the effect of G-P 
aggregates on the plastic deformation was discussed. 
In the present study, to consider the effect of 6’ 
phase on the plastic deformation, polycrystalline 
specimens (their grain size was 1/10~1/20 mm, but 
sometimes a few c.m.) were aged for various times 
at 240°C after air-cooling from 530°C. The air- 
cooled state is a supersaturated one with solute 
atoms, and the heat treatment mentioned above 
harden the specimens with 6’ phase. Wires of 1 
mm diameter for tensile testing, and strips of 1mm 
thickness for the observation of slip patterns were 
extended at room temperature and —196°C. Some 
of the results are shown in Fig. 1 and Photo. 1. 
The following characteristics were observed. 

(1) The initial rate of strain-hardening of aged 
specimens up to a stress g¢ increases appreciably 
compared with that of an air-cooled one. The 
curves are nearly linear, and the slope is dd/de= 
5.1x102kg/mm?. Moreover it is insensible to the 
grain size and the deformation temperature. How- 
ever, dc becomes smaller as the deformation tem- 
perature becomes higher. When the applied stress 
increases over @¢, the rate of strain-hardening be- 
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~ Sf 
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2 
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Fig. 1. Stress-strain curves of specimens aged 


for 2 days at 240°C and the air-cooled one at 
room temperature and —196°C. 
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(b) 
Photo. 1. Slip lines of specimens aged for 2 days 
at 240°C. (a) At the vicinity of fracture by 


extension at room temperature. (b) After 4.5 


% extension at —196°C. 


gins to decrease and eventually becomes smaller 
than that of an air-cooled one. 

(2) The slip lines are not observed up to a 
plastic strain ¢¢. It may be due to the fact that 
the slip lines are too fine and wavy to be observed 
as lines by means of an optical microscope. When 
the ageing proceeds from 2 hr. to 2 days, the value 
of ¢¢ at room temperature deformation varies from 
2% to the fracture strain and the slip lines ob- 
served above ¢¢ become from fine to coarse. 

For the room temperature deformation of one 
aged for 2 days, sharp and coarse slip lines which 
are frequently connected with cross slip are ob- 
served only at the fractured grain, but at —196°C 
deformation faint and short slip lines connected 
with cross slip are observed at ¢-~5 %. These 
facts may be explained as follows. In the speci- 
mens, for example the ones aged for 2 days, which 
9’ phase develops sufficiently, most of dislocations 
in motion pile up against the precipitates or pass 
through between them leaving loops around them. 
Such a process may cause to operate multiple slip 
as shown by disappearance of slip lines. The in- 
crease of strain-hardening is expected because of 
the interaction of dislocations by the piling up on 
the precipitates?) and the operation of multiple 


slip?). 
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Also it is expected that the strain hardening is 
insensible of the crystal orientation. The same 
rate of strain-hardening in the fine- and coarse- 
grained crystals suggests that it is not sensible of 
the crystal orientation. When the applied stress 
reaches to @¢, the piled-up dislocations slip away 
by cross slip‘) or slip through the precipitates due 
to the stress concentration in front of the piled up 
dislocations. If the appearance of slip lines is as- 
sociated with the slip of precipitates, it follows 
that, if the deformation temperature is high enough 
or the precipitates develop sufficiently the cross 
slip is dominent factor of the decrease in the rate 
of strain-hardening and if not so the slip of the 
precipitates is the factor. 
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Magnetic Properties of MgMn.O, 
By Kiyoshi MURAMORI and Syohei MIYAHARA 


Department of Physics, Faculty of Science, 
Hokkaido University, Sapporo, Japan 


(Received July 1, 1960) 


Crystallographical properties of MgMn,O, have 
been studied by Sinha et al.!) and it has been found 
that they exhibit an approximate normal spinel 
structure with a tetragonal deformation at room 
temperature and most manganese ions are located 
on octahedral sites. Therefore it is likely that 
MgMn,0, has the same antiferromagnetic pro- 
perties as the zinc ferrite. However, Jacobs?) has 
shown recently that MgMn,O, has a spontaneous 
magnetization of about 0.248 at 4.2°K which increases 
linearly with magnetic field at high intensities. In 
order to clarify the magnetic properties of MgMn,O,, 
the crystallographical properties were studied in 
detail by X-ray diffraction experiments and the 
susceptibilities of a powdered specimen were meas- 
ured. 

The specimen was prepared from powders of 
MgO and Mn,0; which were made by calcining the 
salts. The mixtures were fired for a few hours in 
air at 1200°C, annealed for a day in air at 900°C 
in order to complete the conversion of divalent 
manganese ions to trivalent ones, and cooled slowly 
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Table I. uw, x, Tz and Cmo1 mean oxygen position- 
al parameter, fraction of Mg ions located on 
A-sites, asymptotic Curie temperature and Curie 


constant. 
U x ie (Gro! 
0.385 0.85 500°K thd 


to room temperature at the rate of 0.5°C/min. X- 
ray diffraction patterns of the specimen show a 
tetragonal spinel-like structure with c/a=1.15, which 
is in agreement with the value determined by Sinha 
et al.. The cation distribution of the specimen that 
was determined by the X-ray diffraction intensity 
ratios of (202)/(004) and (422)/(004) differ about 15% 
from that of the completely normal spinel structure 
and is independent of thermal treatments of the 
specimen within the experimental errors. 

Magnetic susceptibility was measured by a Suck- 
smith’s ring balance. From the liquid nitrogen 
temperature, where the specimen shows no intrinsic 
magnetic moment, to 550°C, the inverse of the 
magnetic susceptibility changes linearly with tem- 
perature, showing the asymptotic Curie temperature 
to be —500°K. According to Lotgering?) the asymp- 
totic Curie temperature of a magnetic spinel is 
represented by 

Ta= —(Cana/6+ CgnB +4nCag Cp/3)/Cat , (il) 
where Ca, and Cg are the Curie constants per mole 
of tetrahedral (A) and octahedral (B) sites ions re- 
spectively, Cg:=(Ca+2Cp)/3; and n, na and ng 
are the molecular field constants between A-B, A- 
A and B-B site-ions respectively. It is evident 
that the first term of the formula (1) has little 
contribution to T,. On the other hand, assuming 
the triangular arrangement of the magnetic moments 
of cations at B-sites as proposed by Yafet and 
Kittel’), the resultant magnetic moment M) is ex- 
pressed 

Mo=+Ma(1—1/s) , (2) 
where + or — sigh is taken for Mgp>Ma or Ma 
>Mp respectively. 

Using the relations (1) and (2) and the observed 
value of T;, (=500°K) and estimated value of Mp 
(=0.2u8) by Jacobs, the values of nm and n@ are 
obtained. For the case Mgp>Ma, or Ma>Mpg, nB 
is 100 or 114 respectively. The above values of 
nB are approximately in agreement with that of 
np=82+12 obtained from linear increase of mag- 
netic moment by Jacobs2). Therefore the magnetic 
properties of MgMn,.O, are thought to be consistent 
with the triangular ferrimagnetic model. 
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Sign Reversal of Hall Coefficients at Low Temperatures 


in Heavily Compensated p-type Germanium 


By Hiroo YONEMITSU, Hajime MAEDA and Hisao MIYAZAWA 
J. Phys. Soc. Japan 15 (1960) 1718 


Pe 


Right column, the equation “ Ry= : =---” should be read 
g q a, CELI, 00 
1 TAN AMA? 
CP d = abn 2 
ee (-:-+auay? x 


1908 


PROGRESS OF THEORETICAL PHYSICS 


CONTENTS 


Vol. 23, No. 6, June 1960. 


Progress of Theoretical Physics 


Collective Excitations of Electrons in Degenerate Bands. I.—Spin Waves in 
Stoner’s Model of Ferromagnetism— .......+.+++++-005 Takeo IZUYAMA.. 969 
Polarization of the Recoil Nucleon from the Photoproduction of Pion........ 
o 'alfeus:isive ve ee "ay susese .-e,okelouc ehckoMaMeletenaus, o)e6) ateteteh ones te tate telerik Masaaki KAWAGUCHI... 984 
On the Representation of the Canonical Commutation Relation of Bose Fields 
i SEO Eon ee ror mone o scorn hS5 6 908% Hideo FUKUTOME.. 989 
A New Approach to the Theory of Classical Fluids. I.................------ 
T. Morita and K. HIROIKE. .1003 


Ambiguitynotioc(@) ox and) Causality: ascites lot ice Ichiro FUKADA. .1028 
Pion-Nucleon Interaction, Anomalous Magnetic Moment of Nucleon and Com- 
posite Modell for Pionis 2 24-1...) sper e roel errant eaete eet Chiaki IHARA..1035 


Origin of the Magnetic Anisotropy Energy of Cobalt Ferrite.. Masashi TACHIKI. .1055 
A Possible Symmetry in Sakata’s Model for Bosons-Baryons System. II ..... 
Leh eae ee a eee omer eas M. IkEDA, S. OGAWA and Y. OHNUKI. .1073 


Bound States in Four-Nucleon Coupling .................... Hiroshi YAMAMOTO. .1100 
Interactions Induced by High Energy Neutrinos ............ Yoshio YAMAGUCHI. .1117 
Solar Modulation of Primary Cosmic Rays............ Yoshinosuke TERASHIMA. .1138 
Integral Representations of Bethe-Salpeter Amplitudes ........... Masakuni IDA. .1151 
Effect of Lattice-Electron Interaction on the Landau Diamagnetism .......... 

sie.niesoio.eSuahe agule susieie cb aie eae eeucics fe aatate oats ere Shé-ichiro TANI. .1157 
S-Wave KK -Meson-Nucleon Interaction << .5-<...-a-es.-en--+-c>-- Shigeo MINAMI. .1163 
A Unitted Modell for Elementary Particles 72. .cccec umes eee er eee 


iayetasevess Aertel shores Z. MAKI, M. NAKAGAWA, Y. OHNUKI and S. SAKATA..1174 
On the Structure of the Elementary: Particlestss sae aes ee eee eee eee 

DODO DO Ooo DOS oO CO CN oDO Gaon downs K. MATUMOTO and M. NAKAGAWA..1181 
Electromagnetic Structure of the Nucleon. IV.—Charge Distribution of the 


PPOLON Hs catered cei ele ieee erste K. HbA, N. NAKANISHI and T. SHIOZAKI..1189 
Letters to the Editor: 
Horm Ractorand, Structure.ot Particlesie prea aeree K. YAMAMOTO. .1204 


On the Inelastically Scattered Proton at High Energy....Y. SAKAMOTO. .1205 
Anomalous Creation of »-Mesons Originating in Weak Interactions . 

bate hate akan d MMe os ahs Shar slalthoune Naveteeene score eter H. NAGAI and D. IT6..1207 
Phenomenological Model of Elementary Particle Interactions ........ 

ren Dagar ve) D. IT6, K. Iwata, S. Furut, K. Fug and T. SAKUMA..1210 
Virial Expansion Formulae for the Microfield and Micropotential 

Distribution Functions and Their Application to a High Temper- 


ature® Plasinial ees vee cece eee o obge ee ee T. MORITA. .1211 

Polarization in Heavy Particle Stripping ............ M. A. NAGARAJAN. .1214 

The Effect of x2 Term in the S-Wave r-N Scattering ....]. UMEMURA..1216 

Contents; and Author index, touVols 23m. coe eee eee i-xli 
Price $ 1.25 per copy 


$ 15.00 per year (postage inclusive) 
Annual dues for foreign members (individual subscribers) 
$ 12.00 (postage inclusive) 
u for foreign members of the Physical Society of Japan 
$ 10.00 (postage inclusive) 
Application for membership, subscriptions and orders for back numbers should 
be sent, directly or through book-dealers, to 
The Publication Office 
in 
Yukawa Hall, Kyoto University, Kyoto, Japan 


o* (eh ie! Tlet Ts o tay ef Fai" eh en et Yoleten ete st 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 11, NOVEMBER, 1960 


Decay of Potassium 44 


By Kazusuke Suciyama, Tsutomu TOHEI, Masumi SUGAWARA 
Department of Physics, Faculty of Science, Tohoku University, Sendat 
Tsunekichi DAzAI and Yukinori KANDA 


Tokyo Institute of Technology, Tokyo 
(Received June 6, 1960) 


An investigation of the decay scheme of K*4 has been made with 
anthracene- and 5/’x5/’ Nal(Tl)-scintillation counters, and coincidence 


techniques. 


In addition to the 4.91-, 3.55- and 2.63-MeV beta rays, the 


following gamma rays has been assigned to Ca‘*: 0.48-, 0.63-, 0.74-, 
0.90-, 1.06-, 1.16-, 1.5-, 1.74-, 2.08-, 2.17-, 3.4-, 4.4-, 4.6- and 5.0-MeV. A 


decay scheme is proposed. 


Introduction 


§1. 

It is interesting to get an information about 
the level structure of Ca‘ which situates be- 
tween double magic nuclei Ca‘? and Ca‘®. 
Hitherto this has been investigated by the 
negatron decay of K** and the positron decay 
of Sc*4. B. L. Cohen” has reported the 1.13-, 
2.07- and 2.48-MeV gamma rays in his study 
of K** and suggested that there was 1.5-MeV 
beta ray to higher level, though no comment 
on the level structure was offered. J. W. 
Blue and E. Bleuler” have reported the pre- 
sence of 1.16- and 2.54-MeV gamma rays in 
their study on the Sc** decay. 

According to the beta ray energy system- 
atics®, the K**-Ca‘** energy difference is about 
6.1-MeV and is higher than the Sc**-Ca‘* 
energy difference of 3.6-MeV, then one may 
have more information in the higher levels 
of Ca*# from the study of K**. 


§2. Experimental Procedure and Results 


a) Source sample 

Natural Calcium (CaCO;:) was_ irradiated 
with 18-MeV deuteron-carbon neutrons by the 
160-cm cyclotron of the Institute of Nuclear 
Study, University of Tokyo. Irradiated sam- 
ples were dissolved in a solution of HCl, and 
chemically separated by means of a method 
using tetraphenyl-boron-soda. Gamma ray 
spectra were measured at each stage of che- 
mical process to confirm that Calcium (Ca-49) 
and Argon (A-41) were removed. 

Decay life of the chemically separated sam- 
ple was measured by a G-M counter and an 
anthracene scintillation counter which was 
used for the beta ray spectrum in the high 
energy portion. The decay curve measured 


by a G-M counter is shown in Fig. 1. Half 
life of K** then assigned as 22.3-min., though 
it had measured 18-min.*), 20-min.» and 22- 
min.” so far. 


b) Beta rays 

Beta ray spectra were obtained using a 1- 
in. dia. l-in. long anthracene crystal with a 
multichannel pulse height analyser. The 
anthracene scintillation counter was calibrated 
with the Cs'** conversion line, Zn®*, Na®?, Na?4, 
Co* gamma ray Compton edges and the Sr°? 
beta ray spectrum. The Fermi-Kurie plot 
is shown in Fig. 2. The maximum energies 
of beta rays were obtained as the 4.91-, 3.55- 
and 2.63-MeV from the Fermi-Kurie plot. 


ioe 


counts per minute 


200 300 400 


Minutes after Irradiation 


0 100 


Fig. 1. Decay of K#4. @ shows the experimental 
count, and © shows the value that subtracted 
the K-42 (12.5-hr) from the experimental count. 


Lower energy beta rays were covered by 
gamma ray background. Though the 3.55- 
MeV beta ray has been found in the decay 
of K#2, it may exist in the decay of K* also. 
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c) Gamma rays 

Gamma ray spectrum study was made using 
5-in. dia. 5-in. long Nal(Tl) crystal. A lead 
collimating slit (see Fig. 3) was used for the 
sum peak measurement. Extreme cases of 
the measurement are shown in Fig. 3. 

Though B. L. Cohen has suggested that the 
3.6-MeV peak is the sum peak, it was con- 
firmed as a single peak in our spectrum. 
Furthermore higher energy gamma rays could 


20 5.0 


30 40 
Beta Energy (MeV) 
Fig. 2. Fermi-Kurie plot of the beta spectrum of 


K44, 


counts per channel 


(e) 10 20 30 40 50 
channel number 


Fig. 3. Gamma ray spectra in K*. Arrange- 
ments for sum peak measurements are also 
shown in this figure. 
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be observed, as the large 5-in. dia. 5-in. long | 
Nal(T1) crystal was used. The gamma ray i 
spectrum was measured at 14-min., 34-min. and 
56-min. after irradiation, and each peaks 
showed 22-min. decay life except the 1.5-MeV 
peak. The 1.5-MeV peak was found to be 
mixed gamma rays of Ca‘! and Ca‘*?, since 
this peak had two decay components of 22- 
min. and a longer one in the decay life mea- 
surement. The gamma ray spectrum in lower 
energy portion is shown in Fig. 4. 


d)) Gamma-gamma coincidence measurements 
Gamma-gamma coincidences were studied 
with 5-in. dia. 5-in. long and 3-in. dia. 3-in. 


counts per channel 


O 10 20 30 40 50 
channel number 


Fig. 4. The gamma ray spectrum in lower energy 
portion of K44. 
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Fig. 5. Coincidence spectrum with the 1.16-MeV 
Gamma ray peak. 
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long Nal(Tl) crystals. The 1.16., 125 -5e2012 
and 2.5-MeV peaks were employed as gates. 
In each coincidence experiment the chance 
coincidence spectrum was subtracted from the 
observed coincidence spectrum using the gate 
counts as the source intensity normalization. 
The net coincidence spectra are shown in 
Fig. 5 and Fig. 6. It was found that the 2.1- 
MeV peak was a superposition of the 2.08- 
and 2.17-MeV and the 2.55-MeV line was also 


a doublet. These results are tabulated in 
Table I. 
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Fig. 6. Coincidence spectra with the 1.5-MeV 
Gamma ray peak (---x---), the 2.1-MeV 
Gamma ray peak (——O-——) and the 2.5-MeV 
Gamma ray peak (---- @----). 


Table I. Summary of gamma-gamma 
coincidence measurements. 

gate 1.16 1.5 ari 2.5 
j 0.48 0.48 0.48 0.48 
j 0.63 0.63 # 0.63 
2 0.74 — 0.74 0.74 
. 0.90 0.90 0.90 0.90 
E 1.06 = — — 
Bh ? 1.16 1.16 1.16 

g 1.53 iu -- ? 
3 1.74 1.74 — 1.74 
= 2.17 2 2.08 = 
4 2.55 2 2.55 = 
3.45 — = = 
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§3. Conclusion and Discussion 
a) Results 

At the result of above measurements, gamma 
rays belonging to Ca‘ were assigned, and 
they are tabulated in Table II with their rela- 
tive intensities. The relative intensities of 
lower energy gamma rays could not be deter- 
mined since they suffered from disturbances 
due to higher energy gamma-rays. For the 
determination of the relative intensity, the 
efficiency of 5-in. dia. 5-in. long Nal(TI) ery- 
stal with the lead slit was determined experi- 
mentally using several gamma rays of Cs!27, 
Na”, Na*, and Co®, the efficiency in our 
source position (see Fig. 2) being found to be 
lower than the calculation® for parallel beam. 


Table II. Energy and relative intensity of 
gamma radiations in K*#4. 
y-ray energy relative intensity 

0.48-MeV — 
0.63 -- 
0.74 — 
0.90 1 
1.06 1 
1.16 100 
leat) = 
1.74 13 
ee 60 
Psilih 
BS | 12 
3.4 | = 
3.66 6.2 
4.4 = 
4.6 = 
50) 0.6 


b) Decay scheme 

There are reaction data on the levels of 
Cat4, | K**(d, p)\Ca** by J. P. Schiffer? © and 
Catt(p, p’)Cat* by C. M. Braams®. These 
data were referred to our proposed level 
scheme shown in Fig. 7. 

No measurement have been reported to far 
on the spin and parity assignment of the KAA 
ground state. Since this configuration is p: 
(d 3/2)3 and n: (f 7/2)°, according to Nordheim 
rule it might be 2-. Although K*® and K*# 
have the same configuration with K**, how- 
ever, there are measurements” in which K?° 
has 4- and K*2 has 2- and K*° is an exception 
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of the Nordheim’s rule. According to the 
beta energy systematics, the K*‘-Ca** transi- 
tion energy is expected to be about 6.1-MeV. 
Since our measurement has shown that the 
highest energy of the beta ray is 4.91-MeV 
and it is known that the first excited state 
of Ca*# is at 1.16-MeV the 4.91-MeV beta ray 
therefore may correspond the transition to 
the 1.16-MeV 2+ state. The branching ratio 
of this transition is about ten percent. and so 
log ft=8.0 which is rather lower than the 
value for the first unique forbidden transition. 


B66 aoe 
Sees 


o 


-—— —-—— —-— — ——. 
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20024 


Fig. 7. Proposed decay scheme of K*4. The decay 
scheme of Sc## proposed by J. W. Blue and E. 
Bleuler is also shown in this figure. 


So, it may be expected that the spin and the 
parity of the ground state of K** is 2-. We 
could not find the 6.1-MeV beta ray within 
the intensity limit of one percent. This 
transition would be the first unique forbidden 
because log fot=7.4 and log/ft>9.5. It is 
therefore reasonable that K** ground state is 
2-. The 1.89-MeV second excited state and 
the 2.2-MeV third excited state may be Ot 
or 4+, since we could find neither the cross 
over gamma rays to the ground state nor 
beta rays to these states. However, it would 
be 0+ if the ground state of K* is 4-. As 
to this problem, it is interesting that the 
second excited state of Ca‘? is recently mea- 
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sured as 0+ %,1, 


The 2.55-MeV state is expected to be 2+* 1 


because of the presence of the 2.55-MeV 
gamma ray to the ground state, the 3.55-MeV 


beta transition (log fof=6.1) and the K-Capture | 


transition from the Sc!* ground state (2+ or 
Sue), 
The 2.63-MeV beta transition (log fof=5.7) 


was assigned as the transition to the 3.35- _ 


MeV state which was assigned as 2+. 
Although we could not assign the spins of 
the higher energy levels from our data, the 
3.66-MeV state may be the lowest odd spin 
state and probably 1- according to the odd 


spin state systematics, found by H. Morinaga. § 
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Absolute Cross Section of the Reaction Cu®(y, n)\Cu” 


for Lithium Gamma Rays 


By Shinjiro Yasumi, Minoru YatTa*, Kunio TAKAMATSU, 
Akira MASAIKE and Yoshiko MasupA** 
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The cross section of the reaction Cu® (7, n) Cu®2 for Li gamma rays was 
measured in order to discover some causes of the existing discrepancy 
between values measured by bremsstrahlungs and by nuclear gamma rays. 
Experimental procedures used in this experiment were much improved 
as compared with those used in previous measurements performed in 
our laboratory for the same purpose. 

The present results were as follows: 


oLi-y=62+4 mb for Li gamma rays, 
and 


o17.6=/6+5 mb for 17.6 Mev ;-rays. 


This value is about 30 per cent lower than the average cross section 
value determined by the photon difference method in several bremsstrah- 
lungs’ experiments. Therefore, we suggest that the modified spectrum 
method proposed by Penfold and Leiss might eliminate not only the 
above-mentioned discrepancy but also the discrepancy between theoretical 


and experimental values in the form r= |oE-b, as pointed out by 


Levinger. 


$1. Introduction 


It is a very interesting problem to study 
the interactions between’ electromagnetic 
waves and various nuclei by comparing ex- 
perimental values with theoretical predictions 
on total photoreaction cross sections. Usually, 
for this purpose, experimental cross sections 
determined by using electron bremsstrahlungs 
are compared with the various sum rules in 

oO o 
such forms as \oae, \ eee \ art etc. 

In a previous paper”, using lithium gamma 
rays, we determined a value for the cross 
section of Cu®? (7, 2) Cu®* reaction, which has 
been frequently used as the standard for 
photoreaction cross sections; and we compared 
this value with other experimental values 
hitherto published by several authors at £, 
—17.6 Mev. Then we found that the values 
measured by various investigators did not 
agree with one another, and they can be 
roughly divided into two groups, one of which 
averages about 100mb and the other about 


* Present address: Sumitomo Electric Industries 


Co. Ltd. 
** Radiation Center of Osaka Prefecture. 


50mb. Moreover, it appears generally that 
the former group contains mainly bremsstrah- 
lungs’ data and the latter mainly Li gamma 
rays’ ones. 

These facts seem to be very important for 
the above-mentioned problem, and further we 
found that our previous experiment” included 
the following defects: (1) There are compara- 
tively large statistical errors in the absolute 
measurement of the y-flux; (2) We had used 
the values determined by another experiment 
as the correction factors for the absolute 8 
counting, instead of determining these factors 
directly, and the geometries of the two 8 
countings were found to be not identical with 
each other. Therefore, the correction factors 
used in the previous work seem to be inap- 
propriate. (3) When we converted the cross 
section for cross section for Li gamma rays 
into the one for 17.6Mev gamma rays, the 
most suitable values were not necessarily 
used. In order to discover the causes for 
such discrepancies among the measured values, 
we tried to improve the experimental proce- 
dures to obtain a more accurate value on the 
Cu® (7, 2) Cu®? cross section. Refinements 
performed in this study are as follows: (1) 
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Hough’s method?) in the absolute determina- 
tion of the y-ray flux was improved by using 
a transparent 4x Geiger counter specially 
designed at our laboratory; (2) As another 
calibration of the y-ray intensity, a large Nal 
(5’@x4/’) scintillation counter was used, 
whose detection efficiency for gamma rays 
was calculated by Wolicki et al.;* (3) The 
absolute 8 counting method by which we ob- 
tained a true specific activity from counting 
rates measured for samples with finite thick- 
ness, was also improved not only by using 
4z 8 counter whose construction was designed 
to be almost the same as that of the trans- 
parent 4x Geiger counter, but also by using 
very intense Cu®? thin samples activated by 
T-d 14Mev neutrons at the same irradiation 
geometry as y-rays’ one; (4) The y-ray source 
was more sharply defined than in the previous 
experiment. 


§2. Experimental Procedures and Results 


The y-rays were produced by the Li’ (, 7) 
Be® reaction: Li metal of about 0.5mm in 
thickness, attached firmly* on molybdenum 
plates sufficiently cooled with water from be- 
hind, was bombarded with magnetically 
analysed protons (~50 wA) which were acce- 
lerated to about 450kev by a Cockcroft 
generator. Sample discs made of natural 
copper, which were 20mm in diameter and 
0.9mm in thickness, were irradiated by these 
y-rays, and (7,7) cross sections were deter- 


acrylite 


wober —= 


Cry sample disk 


Li-Carget 


2cm 


Fig. 1. Schematic drawing of the y-ray irradia- 
tion geometry. 


* Lithium metal was melted on a molybdenum 
plate in a vacuum chamber. 
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mined by the activation method. 

The size of the proton beam spot was well- 
defined to about 5mmx4mm by a slit of 
4mm¢ and the 7-irradiation geometry used in 
this work was the same as for the previous 
experiment”, as shown in Fig. 1. 


Measurement of y-quanta 

The 7-ray intensities were measured by us- 
ing an end-window Geiger counter enclosed 
with thick lead walls, as indicated in Fig. 2, 
which we shall call the “y-monitor” here- 
after; and its detection efficiency for Li-p r- 
ray was calibrated by the improved Hough’s 
method of which we will give an account sub- 
sequently. 


KW *P9&M>»wy,s 


AMSG 


Fig. 2. An end-window Geiger counter enclosed 
with thick lead walls, which we call the “ 7- 
monitor ” in this paper. 
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Fig. 3. Hough’s arrangement for determining the 
y-ray flux used in this experiment. A detailed 
construction of the Q-gas flow type 4n-Geiger 
counter represented in this figure is shown in 
Fig. 4. 


Hough’s arrangement for determining the ;- 
ray flux used in this experiment is schemati- 
cally represented in Fig. 3. The counter 
which we used to count secondary electrons 
emitted from a converter foil by r-rays has 
the construction as shown in Fig. 4. This is 
a 4x Geiger counter of Q-gas** flow type and 
is made transparent along the r-rays’ passage 


** Q-gas consists of helium (99%) and isobutane 


(1%), and it was purchased from Takachiho Shoji 
Co, Lid; 
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by the use of two windows consisting of mylar 
and wire gauze. A converter attached to 
a converter holder by “cello-tape” can be put 
in the centre of this counter. 

As converters, lead foil discs 8mm in dia- 
meter were used, their dimension being care- 
fully determined, taking account of the dimen- 
sions of the Pb-slits and the windows of the 
counter. 


Q-gas inlet center wire 


teflon 


mylar 


wire gauze 


Pb converter 


6) { 2cm 
bean 


holder 


Fig. 4. Construction of the Q-gas flow type; 4x- 
Geiger counter used in Hough’s arrangement. 


converter 


We can expect from the arrangement shown 
in Fig. 3 that the counter will be able to 
count all secondary electrons produced from 
a Pb converter disc if the latter is sufficiently 
thin. 

In this case, the count of the converter 
counter is given by 


Nelw)=Noo tty wie , (1) 
M 
where 
N.(w): counts of the counter with a Pb con- 
verter of w weight, 
Neo: counts of the counter without a Pb 
converter, 
My: number of y-quanta per cm? at the 


position of a Pb converter, 

Ge: electronic absorption cross section of 
lead for Li-p y-rays (averaged over 
17.6 Mev and 14.8 Mev +-rays), 

w: weight of lead converter discs, 

: Avogadro’s number, 

Molecular weight of lead. 


The y-monitor (Fig. 2) to be calibrated was 
in operation together with the 47 counter, and 
we measured the ratio of N.(w) to the count 
of the 7-monitor Nw for various weights of 
converters. Then, Eq. (1) becomes, 
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New) _ Neo ny No (2 ) 
Nu Nu M-Nu 


The ratio Neo/Nx should be as small as 
possible to ensure the accuracy of measure- 
ments. For this purpose, special care was 
taken with the arrangements in Fig. 3: (1) 
The dimensions of the Pb-slit were so chosen 
that the y-ray flux through it sufficiently 
covered the converter disc (8 mm¢) and never 
collided with the thick walls of the 4 counter; 
(2) No lead shields were placed behind the 
counter; (3) The magnetic field of an electro- 
magnet was used to remove secondary elect- 
rons from the forward direction. 

In this experiment, it is obvious that the 
correct alignment of the 7-source—slit— 
counter—converter foil-system is very essen- 
tial, and the transparency of the converter 
counter was found to be very helpful in 
aligning it exactly and easily. 
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Fig. 5. Plot of Ne(w)/Na versus w, the thickness 
of converter foils. The solid straight line is 
the best fit by least square calculation. From 
the slope of this straight line, we obtain, 
(ny|Nu)(No/M)=(4.78+0.29) x 10-5 mg-!. 


The ratio N-(w)/Nu* is plotted against 
various thicknesses (w=0, 172.0 mg, 225.3 mg, 
397.3 mg) of the foil converter discs in Fig. 5, 
in which the solid straight line is the best fit 
by least square calculation. From the slope 
of this straight line, we obtain 

NyN ode _ —5 =i 

NuM (4,78-- 0.29) x10" mo! (33) 
Then, if we use 6-=(19.6++0.12) barns as the 
electronic absorption cross section of lead for 


* For Li-p y-rays, as naturally expected, the 
counting rates of the forward-half counter was al- 
most constant for changing thickness of foils. 
Therefore we adopted the counts by the backward- 
half counter only as Ne(w). 
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Li-p y-rays, averaged over 17.6 Mev and 14.8 
Mey y-rays, we get 


Ny ¥ 
tty 8199331 eh? 
N ‘ee 


M 
Consequently, if we assume that y-rays are 
emitted isotropically®, the total number of ;- 
quanta, Ny, emitted from a target is given as 
follows for one count of the 7-monitor placed 
at a distance of 50.05cm from the 7-source: 


Ny 
Nu 
This value agrees very well with the previous 


measurement” performed by us, which how- 
ever has less accuracy than the present work. 


= _47R?=(4.09-+0.25) x 10! . (4)s 
Nu 
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Fig. 6. Pulse-height distribution from an Nal 
crystal (5/6 x 4’’) irradiated by Li-p gamma rays. 
The shape of pulse-height distribution at low 
energy range is assumed to be represented by 
a dotted straight line parallel to the abscissa. 


Another calibration of the y-monitor was 
performed using an Nal (Tl) crystal (5’°¢ x4’) 
scintillation counter, which was operated to- 
gether with the 7-monitor during the irradia- 
tions of y-rays. Pulse-height distributions 
from the Nal counter were obtained with a 10 
channel pulse-height analyser, and these are 
shown in Fig. 6. If the shape of pulse-height 
distribution at lower energy ranges is assumed 
to be represented by a dotted straight line 
parallel to the abscissa as shown in Fig. 6, 
the following value is obtained from the detec- 
tion efficiencies of the NaI (Tl) scintillator for 
y-rays calculated by Wolicki et al.”, and from 
the geometries of arrangements: 


Ny 
=== (441-2 () 44) 10%, 
Nu ( gio 


This value agrees fairly well with the value 
(4): obtained by Hough’s method, taking into 
account the absorption by target materials. 


(4 )e 
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Thus, we adopted the value determined by 
Hough’s method as the detection efficiency of 
the y-monitor, namely: For the case where 
the y-monitor is placed at a distance of 50.05 
cm from the y-source, 


Ny D4 = (4.095--0.25) x 10°. 
Nu o-&€ 

where w is the solid angle which the y-moni- 

tor subtends at the y-ray source and & is the 


detection efficiency of the 7-monitor. 


Determination of the Cross Section 

The cross section of Cu%(y7, 2)Cu®? reaction 
was determined by the activation method. 

y-ray intensities were measured by the 7- 
monitor for every one minute interval through- 
out irradiations, and we can regard ;-ray 
intensities as almost constant in each interval. 
After irradiations, produced activities on 
sample discs of 20mm in diameter and 0.9 
mm in thickness were measured by an end- 
window Geiger counter for about ten minutes. 

Then, the cross section o was determined 
by the following equation: 


(5) 


MIN / > Nuiexp {—(T—it+to)a}]-S’- Cx 
As t=1 


Non2A[(l—e*)(1—e~*)/4)] (A/a - €) 
(6) 


where 


No: Avogadro’s number 

M: molecular weight of the sample 

7”: isotopic abundance 

Sa = Sica where S is a cor- 

w0 N+ w 

rection factor related to the self- 
absorption and the self-scattering of 
the sample; Ce is a geometrical cor- 
rection factor for the 8-counting con- 
cerning the solid angle, the absorption 
by air and a mica window of an 
end-window Geiger counter, and the 
back scattering; Ns is the 8 count on 
thin samples, and N is the 8 count 
for the same time interval on samples 
of 0.9mm in thickness, after neutron 
irradiations. 

2: solid angle of the sample under irradia- 
tion; it is equal to (1/4) log {(R?+a?)/a?}, 
where FR is the radius of the sample 
and a is the distance between the T- 
source and the front surface of the 
sample disc. 

A: correction factor concerning the finite 


dimension of the y-source. 
i: y-counts by the y-monitor for one 
minute of the i-th interval 
T: time of irradiation 
to: time elapsed from the end of irradia- 
tion to the beginning of the 8 counting 
z: number of the order of each time 
interval during irradiation (integer) 
t’: time interval of $-counting on the 
sample after irradiation 
N: 8-counts per ¢’ minute on the sample 
of 0.9mm in thickness 
Cx: correction factor concerning the 
branching ratio between the positron 
emission and the orbital electron cap- 
ture 
w: solid angle which the y-monitor sub- 
tends at the y-ray source 
€: detection efficiency of the y-monitor, 
where 47z/w&=4.095 x 10! by Eq. (5) 
A: decay constant of the isotope Cu® 
S’ can be defined to be the product of S fac- 
tor by Ce¢-factor, the former being the correc- 
tion factor related to the self-absorption and 
self-scattering of the the sample, and the lat- 
ter being the geometrical correction factor 
concerning the solid angle, the absorption by 
air and mica window of an end-window Geiger 
counter, and the back scattering of the sample 
and the other materials. 
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Fig. 7. Schematic drawing of the neutron irradia- 
tion geometory. 


In order to obtain the S’-value, thin copper 
discs of various thickness with the same dia- 
meter as the sample disc were irradiated with 
T-d neutrons in juxtaposition with it, as 
indicated in Fig. 7. After irradiations, 
produced activities on the former (thin sample) 
were counted by a 4z-Geiger counter of Q-gas 
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flow type whose construction is shown in F ig. 
8 and on the latter (so-called sample disc) by 
an end-window Geiger counter for the same 
time interval. 

When the ratio N;/(N-w) is plotted against 
w, we obtain a curve as shown in Fig. 9. If 
this curve is extrapolated to zero thickness, 
then the limiting value lim {N;/(N-w)}=S’ 


can be obtained, which may be taken as the 
value proportional to the product of the 
“true” specific activity by the geometrical 
correction factor. 


sample 


Q-gas i ntet 
Q-gos outlet 


Fig. 8. Construction of a 4x-Geiger counter of Q- 
gas flow type used in the activation measure- 
ment. 
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Fig. 9. Plot of {Ns(w)}/(N-w) versus the thick- 

ness of thin samples. Extrapolating this curve to 

zero thickness, the limiting value lim (Ns)/(N-w) 
w-0 


= §’=9.58 cm?/g can be obtained. 


The result is as follows: 
‘S“=- 9.58 (eEm?/s) - Cis) 

We measured the decay curve at each run 
in the above-mentioned measurement, and it 
was verified that the same residual activity 
on samples irradiated by T-d neutrons was 
measured as in the case of Li-gamma rays. 

The half-life of Cu®? was determined as 
9.79+0.13 min. in our previous work” and 
then the decay constant 4 becomes: 


1918 


A=0.0708 min“ . (8) 
Thus, substituting (5), (7), (8) into Eq. (6), the 
cross section of Cu®*(7,”)Cu® for lithium 
gamma rays was obtained as follows: 

OLi-y=624 mb . (9) 
The uncertainty indicated above is the overall 
error which results from the measurements 


for the following values, namely: S’, w&, N, 
A, and Nui. 


§ 3. 


Lithium gamma rays, as is well known, 
consist of 17.6 Mev lines with a half-width of 
12 kev and 14.8 Mev lines with a half-width 
of about 1.9 Mev®). When we want to convert 
the cross section value for Li gamma rays to 
that for 17.6 Mev gamma rays, it is necessary 
for us to know the intensity ratio between 
the above two ;7-rays and the ratio of (7,7) 
cross sections of Cu®’ for these two 7-rays. 

By simple calculations, the relation between 
617.6 and oxy is given by 


Conclusions and Discussions 


017.6 1+R 
oe 10 
OLi-y (/r)+R j ( ) 
where Size/Jiss=R (intensity ratio) and 
617.«/1s s=r (cross section ratio). For the 
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Fig. 108). Excitation curves of the reaction Cué? 
(ry, 2) Cu® obtained by various authors. A point 


represents the value for 17.6 Mey ;-ray deter- 
mined in the present experiment. 
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intensity ratio R, the value determined by 
Stearns and McDaniel’ is widely used, and we 
also adopted this value, namely R=1.7+0.2. 

For the cross section ratio 7, excitation 
curves determined by many authors give 
somewhat different values as indicated in Fig. 
10. If we adopt the average value of these 
measurements for 7, namely r=2.0, the cross 
section for 17.6 Mev y-ray can be obtained by 
(10): 

617.6=76+5 mb. 


This value is about 30 per cent lower than 
the average value of cross section values 
determined with bremsstrahlungs as is shown 
in Fig. 10. 


Recently, Penfold and Leiss” proposed the 
“ modified spectrum method” instead of the 
“photon difference method” originated by 
Katz and Cameron”. In the reaction Ni*® 
(7, n) Ni*”, Roalsvig ef al.‘ found that the 
absolute value of dmax obtained by using the 
modified spectrum method was about 40 per 
cent lower than the value obtained by the 
photon difference method. If we assume a 
similar situation in the case of Cu®(7, 2)Cu®? 
as in the case of nickel, it seems very prob- 
able that o17.6 obtained by the present experi- 
ment will agree nicely with bremsstrahlung’s 
data obtained by the modified spectrum method, 
since all bremsstrahlungs’ data reproduced in 
Fig. 10 were obtained by the photon difference 
method. 

Moreover, it was pointed out by Levinger!” 
that the sum rule calculation in the form of 


o-1=|o2-*dE by Migdal gave 2.25 As/s 


“b/Mev, while the experimental data for seven 
nuclei from Al to U agree with the equation 
of the same form but with a larger coefficient, 
namely, o-2=3.5 A*/? wb/Mev. Considering* 
the fact that the above experimental data 
were all based on the Cu®* (7, ) Cu®? reaction 
cross section obtained from bremsstrahlungs’ 
data by the photon difference method, it seems 
likely to us that the modified spectrum method 
for measurements with bremsstrahlungs might 
eliminate the above discrepancy between the 
theoretical and the experimental equations 
about o-2, as well as the discrepancy between 


* For these discussions we are greatly indebted 
to Dr. K. Okamoto. 
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the cross section value obtained by bremss- 
trahlungs and that obtained by lithium gam- 
ma rays. 
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The stability of several cubic molecular crystals is investigated on the 
basis of multipole interaction between the molecules. The stability of 
the cubic close-packed structure of heavy rare-gas crystals is due to the 
repulsion between electrical octapoles induced in atoms in the hexagonal 
close-packed structure. The face-centered cubic structures of carbon 
dioxide and cyclohexane-hexahalides and the body-centered cubic struc- 
tures of silicon-tetrafluoride and hexamethylene-tetramine are configura- 
tions with the maximum electrostatic attraction between permanent charge 
distributions in the molecules. Pingpong balls containing two or four 
pieces of magnet represent these molecules with permanent multipoles; 
and it is demonstrated that a proper “crystal” of such balls (suspended 
in water) is stable. 


$1. Introduction CeHsBre have face-centered cubic structures. 
Spherically symmetric molecules crystallize The molecular axes are then distributed equal- 
into a close-packed structure. Thus neon, ly in four orientations (1,1,1), (1,1, —1), 
argon, krypton, xenon, and also methane (1, —1,1), and (—1,1,1); and the structures 
CH, and adamantan (sym-tricyclodecane) ©€ not close packing for these prolate and 
(CH:)s(CH) crystallize into the face-centered oblate molecules (Fig. 3). All these molecules 
cubic lattice. There have been several attempts have strong electric multipoles; and another 
to explain the stability of the cubic close Purpose of the present paper is to explain, by 
packing for rare-gas atoms over the hexagonal Use of artificial molecules, the stability of 
close packing (except helium for which quan- these structures from the multipole interaction 
tum effect is predominant), but the problem between molecules. 
has not been settled. A purpose of the pre- 
sent paper is to answer from a very simple 


and presumably correct point of view. (+) () 


Laces in 
CHy CHy CHy / CHy — 
/ CH \ [ CH \ 
ey |)? Ue og le ae 
\ii ne N / 


CH 
cn a N =. (*) 
Fig. 1. Two nearly spherical molecules, adaman- ( 


tan and hexamethylene-tetramine, for which 
crystal structures are different. 


Silicon-tetrafluoride SiF, and hexamethylene- @) @) 


tetramine (CH2)sNs are both nearly spherical 

like methane and adamantan (Fig. 1). They Fig. 2. Molecular orientation in the body-centered 
crystallize, however, not into a close-packed cubic crystal of hexamethylene-tetramine. 
structure, but into the body-centered cubic 

lattice keeping the molecular orientations §2. Crystals of Heavy Rare-Gas Atoms 
parallel (Fig. 2). On the other hand crystals Much of the empirical research in molecular 


of carbon-dioxide CO2, cyclohexane-hexachlo physics has been based on a two-body potential 
ride CHeCle and cyclohexane-hexabromide function such as 
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Uo=| 6 (2) -s()"] (1) 
Or 
Uae elie a eee (Gel (2) 


where 7 is the intermolecular distance, and 
U, and 7 are potential parameters. If the 
potential is assumed to be additive and if only 
the first-neighbor interaction in a crystal is 
considered, then the cubic and hexagonal 
close-packed structures have equal cohesive 
energies, because in both cases an atom has 
equal number (twelve) of first neighbors. 
Interactions between second and _ farther 
neighbors were calculated in detail by Kihara 
and Koba”. It was shown, however, that the 
stability of the cubic close-packed lattice does 
not follow from the additive potential (1) for 
any value of s greater than 6 nor from the 


Fig. 3. Molecular orientations in the face-cen- 
tered cubic crystals of carbon-dioxide (top) and 
cyclohexane-hexahalides. 
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potential (2) for o>8.675. For these potentials 
the hexagonal close-packed lattice is more 
stable, although it is favored over the cubic 
by only 0.01 percent of the cohesive energy. 
The cubic close-packed lattice becomes more 
stable than the hexagonal for o less than 8.675. 
But the potential (2) with «8.765 has too wide 
a bowl to be accepted as a very accurate 
two-body intermolecular potential. This work 
was supplemented and confirmed by Jansen. 
and Dawson?), who took account of the zero- 
point energy. 

Explanation of the stability of the cubic 
crystals on the basis of a two-body potential 
function was thus unsuccessful. As a next. 
step three-body interactions were considered 
by several authors. Axilrod®) summed the 
triple-dipole interaction, a nonadditive part of 
the van der Waals attraction, in both the 
cubic and hexagonal close packings. He con- 
cluded: “The difference in the triple-dipole 
interaction for the cubic and hexagonal close- 
packed lattice, although favoring the former 
structure, is less than 0.01 percent of the 
cohesive energy and hence cannot account for 
the siructure of these rare-gas solids”. 


The second and third virial coefficients in. 
the equation of state of rare gases calculated 
by use of the potential (1) with s=12 agree 
with observed values when the nonadditivity 
of the intermolecular potential is taken into 
account’. If we assume the potential addi- 
tivity, on the other hand, then we must use 
an effective intermolecular potential with a 
wider bowl in order to explain the temperature: 
dependence of the third virial coefficient». In 
other words, the influence of nonadditivity of 
the intermolecular potential can, to some 
extent, be eliminated by using an effective 
(additive) intermolecular potential with a wider 
bowl. An appropriate choice may be not far 
from the potential (2) with o=8.675, for which 
two structures of close packing have exactly 
equal cohesive energies. 

Thus we have seen that no essential differ- 
ence exists between cubic and hexagonal 
cohesive energies so far as a central force is 
assumed between molecules. An alternative 
approach is therefore needed; non-central 
forces must be considered, as it was pointed 
out by Prins et al.® and Barron and Domb”. 

A rare-gas atom is spherically symmetric 
in free space, but not in a crystal because of 
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the compression by surrounding atoms. An 
atom in a close-packed lattice has twelve 
nearest neighbors and has six “windows” 
facing the second neighbors (Fig. 4). At these 
windows the electron density should be dif- 
ferent from other parts, and hence the atom 
has an electrical multipole. It is easily seen 
that, in a hexagonal close-packed lattice, this 
multipole is an octapole and the octapole in- 
teraction between first neighbors is repulsive. 


Fig. 4. First neighbor configurations for hexago- 
nal (top) and cubic close packings. 


In a cubic close-packed lattice, on the other 
hand, an atom has a higher symmetry, the 
lowest-order non-vanishing multipole being 
hexadecapole. Although this hexadecapole 
interaction is also repulsive, the effect is 
definitely smaller than the octapole repulsion 
in the hexagonal case. 

Thus we reach the following conclusion: 
The stability of the cubic close-packed structure 
of heavy rare-gas crystals is due to the repul- 
sion between electrical octapoles induced in 
atoms in the hexagonal case. 


Taro KIHARA 
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§3. Cubic Crystals of Molecules with Per- 
manent Multipoles 


In a previous paper Kihara and Koba® 
discussed the cohesive energy of the face- 
centered cubic crystal of carbon-dioxide, and 
showed that 20 percent of the cohesive energy 
is the quadrupolar attraction between the 
molecules. If the carbon-dioxide crystallized 
into a close-packed lattice, keeping the molecu- 
lar axes parallel, then the quadrupolar inter- 
action, which is repulsive in this case, would 
reduce its total cohesive energy. 

The crystal structures of cyclohexane- 
hexahalides can be understood in a similar 
way. It should be noted, however, that 
quadrupoles of these molecules are not point 
quadrupoles but the molecules have their 
nonvanishing sizes of charge distribution. 

The electric charge distribution in a carbon- 
dioxide or cyclohexane-hexahalide molecule 
can be represented by a “magnetic charge 
distribution ” in a convex body, a sphere, say. 
A system of these models of molecules will 
then crystallize into the corresponding cubic 
lattice, if the stability of the real crystal is 
due to this orientation-sensitive interaction. 


(b) 

Fig. 5. Pingpong balls containing pieces of mag- 
netized barium-ferrite, which are our molecular 
models for carbon-dioxide and for hexameth- 
ylene-tetramine. 


In order to make this type of artificial 
molecule, place appropriately two pieces of 
magnet inside a pingpong ball (Fig. 5a); let 
the ball have unit density and be suspended 
in water. A “crystal” of such balls in the 
configuration of carbon-dioxide or cyclohexane- 
hexahalide (Fig. 6) is in fact satisfactorily 
stable against disturbances. 

A system of pingpong balls, each containing 
four smaller pieces of magnet in configuration 
of a tetrahedral symmetry (Fig. 5b), can 
“crystallize” in a body-centered cubic lattice 
which is characteristic of silicon-tetrafluoride 
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Fig. 6. Face-centered cubic crystals of the magnetized balls for carbon-dioxide or cyclo- 


hexane-hexahalide. 
magnets. 


Fig. 7. Body-centered cubic crystal of the mag- 
netized balls for silicon-tetrafluoride or hexa- 
methylene-tetramine. 


Circles on the spherical surface indicate the positions of the 


or hexamethylene-tetramine, the position of a 
piece of magnet corresponding to the position 
of a fluorine or nitrogen atom. (Fig. 7). 

Thus we reach the following conclusion: 
The face-centered cubic structures of carbon 
dioxide and cyclohexane-hexahalides and the 
body-centered cubic structures of silicon-tetra- 
fluoride and hexamethylene-tetramine are con- 
figurations with the maximum electrostatic 
attraction between permanent charge distribu- 
tions in the molecules. 

This work was partly done at the Univer- 
sity of Wisconsin, Theoretical Chemistry 
Laboratory, in February and March, 1960. 
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Precise measurements of Hall effect have been made at 77°K, 90°K, 
195°K, and 298°K up to 11,000 gauss on oriented single crystals of n- 
type germanium containing 5x10!4 antimony per cm? as donor centers. 
The results should principally indicate the variations of p/n with the 
magnetic field and with the temperature, since the carrier concentration 
may be practically constant under the present conditions. 

Absolute values of wz/u have been deduced from R. and Ry. Reo for 
which p/n always equals unity is fortunately obtained by extraporating 
Rw" (77°K) vs 1/H? data. Then R3°"/R.. will ‘straightway giveTpyaz/p 
-<001>z. On the other hand, py/u for other orientations may be in- 
directly estimated from their extraporated Ry) for which py/p is inde- 
pendent of the orientation and should be equal to R5°”/R.. at respective 
temperatures, neglecting the effect due to slightly different impurity 
concentration between specimens. 

Values of yz/u thus determined are always smaller than unity, while 
those of <001>z% approach to unity most rapidly with increasing field and 
those of <110>z most slowly. They are of course temperature dependent 
and the zero magnetic field values are equal to 0.83 at 77°K, 0.84 at 
90°K, 0.90 at 195°K and 0.92 at 298°K respectively. 

Numerical evaluation of the Boltzmann’s equation taking account of 
ellipsoid model and mixed scatterings can give the observed values 
fairly well. It appears, however, preferable to introduce some correc- 
tion term, e.g., reasonable amount of optical phonon scattering for the 
best agreement. 


Si. 


Introduction According to theoretical calculations, on the 


Hall measurements are the most popular 
and fundamental techniques to obtain many 
information about electronic properties in 
semiconductor physics. In most cases thus 
far, however, little attention has been paid 
to ywx/“ appearing in the Hall coefficient, 
sometimes assuming it equals unity while 
sometimes equating it to 3z/8 without consi- 
dering scattering mechanisms in detail. 


other hand, it is generally predicted that zz/ 
is more or less dependent on the applied 
magnetic field and not a unique constant un- 
less free carriers are perfectly degenerated. 
Usually, the behavior is rather complicated 
even if the semiconductor material is isotro- 
pic. For instance, Johnson and Whitesell” 
have indicated interesting results in which 
magnetic field dependence of z/z is consider- 
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ably influenced by mixing a small amount of 
ionized impurity scattering into the acoustic 
phonon scattering in the case of isotropic 
semiconductor, although no experimental 
verifications have been given because of the 
lack of proper isotropic materials. Theoreti- 
cal analysis of anisotropic Hall coefficients in 
n-type germanium has been briefly dealt with 
by Abeles and Meiboom” and also by Shibu- 
ya®) who have aimed to explain anisotropic 
magnetoresistance data‘) by assuming ellipsoid 
band model and isotropic thermal scattering. 
Putting the effective mass ratio at 20, they 
obtained 0.93 for the values of a/u at zero 
magnetic field. As compared with the cal- 
culations by Johnson et al, the only regreat- 
ful point in their analysis is the neglection of 
slight impurity scattering in the real crystals, 
which may considerably affect the field de- 
pendence of Hall coefficient. 

As for the experimental examinations of 
ual, there have been little works chiefly be- 
cause of the requirements for accurate instru- 
mentations detecting rather small effects. It 
is noteworthy that anisotropic variations of 
relative s#az/u values with magnetic field 
strengths were first observed in n-type germa- 
nium at room temperatures by Mason, Hewitt 
and Wick® and ingeniously analysed on the 
phenomenolygical basis of cubic symmetry 
only. Though their beautiful results can 
elucidate the relation between crystal direc- 
tion and Hall coefficient, absolute values of 
aly and its temperature effect have not been 
given and remained obscure. A drastic de- 
termination of a/4 in germanium was re- 
ported by Morin® who compared the conduc- 
tivity mobility, which was calibrated by the 
drift mobility of minority carriers injected in 
p- or n-type specimens at 300°K, with the 
Hall mobility of respective type. He has 
quoted an experimental value of 1.05 for n- 
type independent of temperature between 25 
and 300°K. In his case, however, despite of 
epoch-making method, observed data were too 
dispresed to discuss the agreement with 
theory and moreover no anisotropic character- 
istics were considered. His brilliant success 
was a disclosure of extraordinary behavior of 
valu in p-type germanium which will not be 
referred here. 

Since the ellipsoid model for n-type germa- 
nium has been well established by cyclotron 
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resonance experiments”, theoretical investiga- 
tions of transport phenomena thereafter have 
been pointed to the anisotropy in the relaxa- 
tion time. General aspect on such a basis 
has been discussed by Herring and Vogt®. 
Under these circumstances, reexamination of 
the Hall effect as well as other transport 
phenomena taking account of crystal orienta- 
tion and scattering anisotropy was a desirable 
subject for many valley semiconductors. 
Bullis and Krag®) have reported a timely work 
on n-type germanium specimens of highly 
symmetric orientations, in which they have 
shown that observed data for wx/pu at 77°K 
agree reasonably well with calculations using 
ellipsoid model and constant mean free time 
hypothesis, especially the agreement is good 
when the magnetic field is in <001)> direction 
and exceeds several kilo-gauss. In the second 
paper’”, Bullis has extended his measure- 
ments including other galvanomagnetic effects 
to another temperature of 300°K in addition 
to 77°K in order to evaluate the anisotropy 
factor principally due to the relaxation, where 
he has quoted the behaviors of Hall coeffici- 
ents could not be quantitatively explained. 
Though these investigations have almost 
clarified qualitative features of a/, there is 
some further information yet to be desired 
for better understandings. 

The authors have carried out similar 
measurements on specimens of several select- 
ed crystal orientations at four different tem- 
peratures in the exhaustion region, and 
obtained the explicit variations of anisotropic 
ali with temperatures and magnetic field 
strengths making an attempt at the highest 
accuracy. The present paper will describe 
those experimental results and the theoreti- 
cal calculations aiming more quantitative ap- 
proach without neglecting anisotropic factors. 
both in effective mass and in mixed scatter- 
ings. 


§2. Experimental Procedures 


The techniques used here are almost simi- 
lar to those by Bullis and Krag® and will be 
described briefly. Highly uniform and stable 
magnetic field up to 11,000 gauss was produc- 
ed by an electromagnet for high resolution 
nuclear magnetic resonance of which pole 
face diameter was 30cm and gap was 4.5 cm. 
The field strengths were determined within 
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0.01% errors by measuring proton resonance 
frequencies with a heterodyne frequency me- 
ter. The measurements of Hall voltage and 
sample current were carried out by a YEW 
Type P-7 potentiometer, where the observed 
values were reproducible at most within 
+0.1%. Therefore, the whole accuracy was 
limited only by potential measurements. 

Four measuring temperatures chosen here 
were 77°, 90°, 195°, and 298°K which were 
respectively provided by liquid nitrogen, 
liquid oxygen, mixture of dry ice and ethyl 
ether, and air-conditioned room temperature. 
In all cases the sample mounted on a holder 
was directly immersed in a Dewar vessel con- 
taining each refrigerant or no refrigerant. 

The specimens were zone-leveled n-type 
germanium single crystals of about 3 ohm-cm 
containing nearly 5x10 antimony per unit 
volume. Since these crystals are so well con- 
trolled that the concentrations of uncontroll- 
ed centers less than 10% may be easily re- 
alizable, one may suppose an essential condi- 
tion for the present purpose that the carrier 
concentrations are practically constant irre- 
spective of temperatures even in the worst 
case. After the crystals were oriented by X- 
ray analysis, the specimens were cut out of 
the crystals in the shape as shown in Fig. 1 by 
a_supersonic dice. The selected orientations 
are also indicated in Fig. 1. Angle @ vary- 
ing from 0° to 90° was chosen as a parame- 
ter. In the following, a notation R?(T°K) 
will represent the Hall coefficient at magne- 
tic field strength of H gauss and at tempera- 
ture of T°K in a specimen for which magne- 
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tic field is applied in the direction of angle 
6. In place of 0, Miller indices will be used 


in the case of high symmetry orientations, | 


for example, <0°> will be represented bv <001> 
and so on. 


voltage is in <110> direction in the present / 


case and both are permutable each other*’, in- 
dication of the direction is omitted in the no- 
tation. Although no cross magneto-resistance 
effect?) appears in these orientations, Hall 


coefficient is determined according to the - 


usual way by reversing the magnetic field 
and the sample current and averaging the 
observed Hall voltages. It was found in our 
case that the reversal of current had no im- 
portant effect upon the results. 
the vital point for precise experiments was to 
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Figin2. RE WT) andieRG isto splotied 
against H. <001> sample is designated as “O”, 
and <110> as “A”. Subscripts R, D, etc. re- 
present specified temperatures: i.e., R=room 
temperature (298°K), D=dry ice (195°K), O= 
liquid oxygen (90°K), and N=liquid nitrogen 
(77°K). 


As either sample current or Hall | 


First of all, 
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obtain low-resistance contacts for the speci- 
mens. In order to realize good ohmic con- 
tacts, electrode- and probe-arms were electro- 
plated with rhodium or alloyed with tin-anti- 
mony alloy so as to be more n-type before 
soldering. There was no difference at room 
temperature between both treatments, where 
the contacts were always satisfactory, while 
at low temperatures the latter showed better 
results in contrast with facts that the former 
sometimes cracked or frequently made poten- 
tiometer balance insensible with slight contact 
resistance. Hence the alloying contacts were 
used in most specimens, though they requir- 
ed somewhat elaborate processes. 


§3. Experimental Results 


A. R# vs H at several specified tempera- 
tures 

Several curves of Hall coefficients for two 
typical high symmetry orientations are shown 
in Fig. 2. The following facts are notable 
here; 

Me that Nbotiie hk UCr= kK) candor e( 7 °K ) 
increase with increasing temperatures in the 
same proportion, and 

(2) that R$°?(298°K) is strikingly field in- 
sensitive while other Rz’s in both orientations 


x104 
1.40 


1.35 


1.30 


(T°K) (CM? COUL™) 


<a> 
H 


EE 4 
Wine Ce OO OM ek Oe OOM Tl. 12 


H (K~GAUSS) 

Fig. 3. Ri? (T°K) vs H for several orientations. 
<@>=<75°> for sample B, <111> for D, <112> for 
E, and <15°> for G. Subscripts are the same 
to Fig. 2. 
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vary in quite different manners. 

Since carrier concentrations never decrease 
with increasing temperatures or hardly de- 
pend upon magnetic field strengths and direc- 
tions, it is evident that behaviors of these 
curves should be ascribed to relative changes 
in “a/p. 

Fig. 3 shows several sets of Hall coeffici- 
ents for specimens of other orientations. 


B. Determination of R°?(77°K) and pa/py 
C0012 

At high magnetic field and low tempera- 
tures a constant mean free time approxima- 
tion for R#°” is very good as demonstrated 
by Bullis et al®, and the Hall coefficient for 
an inifinite magnetic field, R<®’(77°K), is 
determined by plotting R<$°"(77°K) as a func- 
tion of 1/H? and extraporating linearly to the 
value of H=co as shown in Fig. 4. Since 
aj at infinite magnetic field always equals 
unity irrespective of the crystal orientations, 
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the mass ratio and the scattering mechanism 
as discussed in the theory. R°?(T°K)/R2” 
-(77°K) in the specimen should straightway 
give the absolute values of f#z/u<001>a pro- 
vided the carrier concentration is constant. 
The constancy of the carrier will be discuss- 
ed in the later section. 


C. Evaluation of “a/u4Ox 

Since R(77°K) cannot be determined by 
simple extraporation method, #z//<0)a must 
be indirectly evaluated in some other way. 
This is possible by noting a fact that the Hall 
coefficient for zero field is also independent 
of the crystal orientations, that is to say, 
R&(T°K)ne should be equal to Re EK ve 
where m and 7’ are carrier concentrations of 
respective specimens and @ is electronic 
charge. In the ideal case 7 and n’ should be 
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equal, but actually slight difference is inevit- 
able because of the fluctuation in impurity 
concentration, even if the specimens are cut 
from the same ingot. Fortunately, ua/“(T°K) 
is a rather slowly varying function of the 
impurity concentration. Therefore, the effect 
of the difference in m on /a/ will be neglect- 
ed here, regarding it as insignificant. Fig. 5 
shows the values of 4z/u<O>a determined in 
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Fig. 5. Variations of wy/u<@>g at four tempera- 
tures with H. 
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these manners. 

In addition to the fact that considerably 
anisotropic features observed by Mason et al®) 
and also by Bullis”.!° were reproduced here, 
it was explicitly examined for the first time 
that the values of wax/z at usual magnetic 
field strengths and at usual exhaustion tem- 
peratures pass through a region fairly lower 
than unity in contrast with Morin’s data®. 

As for the room temperature data, low 
field expansion formula, 


REE Re ry a ee ae 


is valid in the whole range of measured 
magnetic field, and empirical values of coef- 
ficients, E”, 7” and €”, are summarized in 
Table I, which also gives Ro, oo and wa. 
Theoretically calculated &*’s are also listed 
in Table I, where agreement between &® and 
E> seems to be satisfactory. 


D. Reproductibility of sx/u(T°K) 

It will be desirable to check whether the 
assumption of constant carrier concentration 
irrespective of temperature is allowable or 
not. Though any orthodox examination is 
not available since variations of carrier con- 
centration and “a/ with temperatures is in- 
separable in the experiments, it may be 
worth-while to examine the reproducibility of 
u/ on specimens cut from different ingots 
which may contain different concentrations of 
uncotrolled centers. These uncontrolled cen- 
ters which capture electrons at low tempera- 
tures may be ionized in some degree at room 
temperature, resulting in the increase in con- 
duction electrons which, in turn, may cause 
the decrease in Hall coefficients. If observed 
values of R{?(T°K)/R..(77°K) in each speci- 
men were too much random, reliable deter- 
mination of pa/u(T°K) may be hopeless, 


Table I. Weak field expansion data at room temperature for 3 or 4ohm-cm n-type Ge. 
sample A Be~| Dd me NO Lice phialG 
<n <110> KBE S <ililils <112> 152 eee COO IS 
Ro (cm3/coul) 13,998 12,743 | 12,532 | 12,767 13,439 14,400 
09 (ohm-cm) 4.1 3.5 3.3 | 3.9 4.15 | 3.84 
fem (cm?2/y-sec) 3,414 3,641 S703 aul 3,274 3,238 | 3,750 
&<@ (gauss—2) x 109 —1.245 =15)208ho | — 1582 —1.144 | —0.278 | 0 
74 (gauss~‘) x 1018 7.112 | 7.952 | 14.00 7.676 | 62 | 
¢® (gauss-6) x 1026 —2.211 | =2.811 | —5.366 2.495). |!) 0,503. = 
8 (gauss-2) x 109 —1.135, /|-0=/1.275, | —=iepty alee ies ates | 0 
‘ 2 | 
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Table II. Reproducibility of 5%” (298°K)/R®"(77°K) for specimens cut from different ingots. 
7 sample Ro (298° K)* (cm3/coul) | Reo (77°K) (cm3/coul) | Ro(298°K)/Reo 
5-04-D 1! 18,400 0.930 . 
5-04-B 13,312 14,525 0.917 
2-03-A 10,811 11,780 0.918 
2-18-01 10,689 11,595 | 0.922 
3-22-03 9, 806 10,740 | 0.913 
2-13-02 7,567 8,330 0.909 
* Ry” (298°K) is fieid independent, and the value at 2355 gauss is taken as Ry (298°K). 
though larger values are favorable. Wre=VRT/I (x/2 + 62x-8/2) 
The check was carried out on several <001) Ver =V RT [U(x"/2 + r02x-3/2) (dat) 


specimens, of which results always showing 
fairly good reproducibility are given in Table 
Il. From these results it may be concluded 
(1) that the carrier contribution from the un- 
controlled centers is fortunately insignificant, 
or otherwise, (2) that the contribution, if any, 
is very similar for all ingots. If the latter 
were the case, the present deduction for pz/ 
uU(T°K) will be confused, and further discus- 
sion will be done in the later section. 


§ 4. 


A. Model for scattering mechanism 


Theoretical Analysis 


An empirical fact of strikingly field inde- 
pendent Ry (298°K) cannot be explained by 
Abeles-Meiboom’s theory” and will suggest 
that slight impurity scattering is important” 
even at room temperature. In the present 
case, therefore, mixed scattering will be taken 
into account, where the relaxation time will 
be treated not as a power function of electron 
energy but as a combination of lattice and 
impurity scatterings. Following Herring- 
Vogt®, consider an ellipsoid model for relax- 
ation time similar to effective mass, and 
denote the principal value along longitudinal 
axis <111> of an energy ellipsoid as t, and 


62 =uKa+uv’?K*7 He? 
633=ua*+uv?K 7H? 


x =EkRT 

where € is energy of electron, k Boltzmann’s 
constant, / mean free path associated with 
acoustic phonon scattering, 0% a parameter 
indicating mixing rate of impurity scattering 
in the direction of transverse axis and 7 is an 
anisotropy parameter for pure ionized impuri- 
ty scattering. It has been cleverly determin- 
ed by Laff and Fan’s magnetoresistance ex- 
periment!” that rv equals 1/12, while acoustic 
phonon scattering is isotropic. These results 
will be utilized here, too. According to de- 
formation potential theory!” and Conwell- 
Weisskopf’s theory”), temperature dependence 
of 6? will be approximately given by 

O200(kT) . (4.2) 
If the anisotropy of impurity scattering is 
neglected, 6? corresponds to # or 6yz/ur given 
by Johnson-Whitesell». That is to say, 


O26 yur/ ur - (4.2a) 


B. Conductivity tensor and expression of 
Hall Coefficient 

Now let us consider non-degenerate case 
and Boltzmann satistics will be assumed. 
From Boltzmann’s equation, the conductivity 
tensor associated with principal axes of an 
ellipsoid will be given in the following form, 
when magnetic field H(H:, H2, Hs) is applied, 


62=—uvK?BH3+uv?K 27 Mi A2=02(—H) 


623 —uvK B*Hi+uv?K 7 A2Hs=032—H) 


(4.3) 


631 = —UvKB* At uv? Ky Asi =0613(—A) 


k= ms/M1=m3/mMe2 


u = NeX(1/ms\(RT )-4/3V x 
v = (e/c)(l/ms)(RT )-*”? 
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where suffix 3 corresponds to longitudinal one and 1, 2 transverse, m1, Mz and ms are princi- 
pal values for respective axis of effective mass tensor, K anisotropy parameter for effective 
mass, N carrier concentration per valley, —e electronic charge. K=20 will be used” in the 


present analysis. 
a, B etc. are integrals as shown in the following: 


Ait s eae “i x2-4.82) (42-470) x8e-*dx 

(02 pe ES j= | (42+ 0?)2x8e "dx 

B(6?, p; s pal F- 142+ 70?) x9/2e-*d x (4.4) 
B*(0?, p; s/)= ee “(42 + 02) x9/2e-*dx 

TOLD aS =| oe 1y8e—7d x 


where 
Bey 0870p ys = (02 80?) 70" 2 POP S074) 
p=v(KH?2+ KH? + K?H3?) 
s = (KH? + KH?+7K*H;*)/( KAY’ + KA? + K*H3’). 


Let {5} be conductivity tensor viewed from the observing coordinate system as chosen in 
Fig. 1, where magnetic field H is in z direction, current J in x and Hall voltage Vy in y 
direction. Then, the Hall coefficient is given by 


1 — 2D yx 
A XaeXyg—Xyz2Z cy 


Y peas (4.5) 
Assuming four ellipsoid model possessing [111] longitudinal axes, transformation of {0} to 
the observing coordinate system can be performed in two steps just like Abeles-Meiboom’s 
fashion”. (See Appendix.) 

Several expressions interested in the present experiment will be given in the following. 

(1) Isotropic quantities 

Zero field Hall coefficient is independent of orientations and expressed by 


CS nec ® karte? | 


where 7 is total carrier concentration and equal to 4N. As for conductivity and Hall 
mobility, 


R=— 


(4.6) 


oo =(4/3)u(2K ao + ao*) (4.7) 
KK Bo+280*) 
Tila halle DR e eee soa 


Here a, Bo, etc. are the values for H=0 or p=0, i.e.™’, 


SROs 
=| ———=3!%, 
ao ie Pr 3!%3(0) 


ao*=3!2,(3V 7) 


= x evtdman v 
\ (x?-+ 62)2 = (9/2)! 39/2(8) 


fot = 2)! = (Lop (OV 7 )—Lopx()} 
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Meanwhile, infinite field Hall coefficient is also isotropic and simply given by 


1 
| Sars ; (4.10) 
(2) Anisotropic quantities 
001 eA aoe 
Ke iS KBo+280* 
1 2Kat+a* i KB+2p* 2 Ip (4.11) 
2Kao +av* Givin & ae 
where 
=e 
s=(rK+2)/(K+2)=1/6 
_ PAS (KR +2) a 3 
=| ee ; 
p=(1/3) K KBo+280* ) (ua)? . 
é KEBV BO) ope 
RY. \ 4(K Bo +28o*) ; 
Ro (3Ka@™45Ka®+4Q*2 )2 | K(3B +B) +8p*2) 2 ne (4.12) 
2K ay + a*) MK Bor2p) px? 


| where superscripts (1) or (2) indicate that the following » and s should be substituted into 
Be Oe [eh 


Paes Hao 


2 
3 re, (uxH,  s=r=/12 
0 0 


for superscript (1), and 


K+8 eae rK+8 
= < HY, eB S55 84 
p ecray Ko +2p0" ) Ma) Seite 


for superscript (2). 
C. Numerical values and comparison with experiments 


(1) Weak field behavior of Ra 
Low field Hall coefficients may be expanded in a series with even powers of “aH, of which 


form is expected from Eqs. (4.4) and (4.8) to be 
RO=Rxi a? (ery tb? (una) (4.13) 


In order to determine the coefficients a® and bd for specific orientations, integrals in (4.11) 
and (4.12) should be expanded in power series of p. 

~ S$ (_p*a,6" A PLE Rt sols ers 
eh ae Anp ’ an=\" (x2 + 8?)27+1(42 + 70?)” 


oo oo Ge + s62x°)"x8e—* 
ee SSW KAN * 2 " A AOR. = 
ak= ye 1)"an*p", an \ (x2 + 82)2"(a2 + 702)"4 


4.14 
(eso) vers ( ) 


2) es ala a Green etre) 


es , 2 (x5 +s0°x?)*x*/2e-* 
a (—1)"Bni”, B=" (x2 + 82)" +1( x2 + 2H a 


Numerical values of several @’s and Bn’'s are summarized in Table III. Substituting (4.14) 
in (4.11) and (4.12), a and b® in (4.13) will be given. by 
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Table III. 
s | a | at | 4B | BY w BOF | a: (8=1/6) | ar* (@=1/6) 
| | nt 
0 1 1 0.66667 0.66667 | 1 1 
0.1 | 0.98134 0.99789 0.61617 0.63293 0.78028 0.81155 
0.2 0.94825 0.99256 0.55660 0.59083 0.63141 0.68095 
0.3 0.91035 0.98520 0.50127 0.54986 0.52184 0.58245 
0.4 | 0.8712 0.97663 0.45163 0.51147 0.43545 0.50449 
0.5 0.83183 0.96734 0.40760 0.47611 | 0.36785 0.44039 
0.6 0.7938 0.95760 0.36859 0.44347 0.31310 0.38552 
0.8 0.7218 0.93705 0.30338 0.38620 | 0.23151 0.29982 
1.0 0.6564 0.91488 0.25184 0.33834 | 0.17435 0.23849 
1.2 0.59832 0.89146 0.21074 0.29830 
er | 0.54630 0.86982 0.17758 0.26357 
1.6 0.49998 0.84684 0.15069 0.23431 
3 | (4/37 mB | (4/37 Bi a a* | (4/8 )B, | (4/3 x )Bi* 
| text/6) | Gaalj6) (s=1/12) (s=1/12) @=1/12, | @=1/12) 
0 1.33333 1.33383 | 1 1 1.33333 1.33333 
0.1 0.63309 0.67312 0.77717 0.80752 0.62957 0.66842 
0.2 | 0.43574 0.48094 0.62675 0.67464 ~——- 0.43189 0.47581 
0.3 | 0.32123 0.36383 | 0.51634 0.57475 ~~ ~—-0.31750 0.35858 
0.4 0.24580 0.28564 0.42952 0.49594 0.24232 0.28061 
0.5 0.19278 0.22943 0.36175 0.43137. 0.18959 0.22471 
0.6 0.15399 0.18740 | 0.30698 0.37626 | 0.15109 0.18302 
0.8 0.102215 0.12968 0.22561 0.29064  —- 0.099881 0.12595 
1.0 0.069914 0.093062 0.16883 0.22963 | 0.067987 0.089913 
3 | ay ay* | (43 7 )B1 | (4/3¥ x )B* | 
| (s=29/84) (s=29/84) | (s=29/84) (s=29/84) | 
0 1 1 [- tegsgas 4)" aveseas ef 
0.1 | 0.78695 0.82018 | 0.64065 0.68318 
0.2 0.64141 0.69447 0.44399 0.49191 
0.3 0.53363 0.59894 0.32923 0.37507 
0.4 | 0.44816 0.52282 | 0.25327 0.29640 
0.5 0.38093 0.45971 | 0.19963 0.23953 
0.6 0.32622 0.40534 0.16021 0.19679 
0.8 0.24415 0.31950 0.10733 0.13766 
1.0 0.18618 0.25746 0.074044 0.099811 


a®(6)=2A:1/S—Bi/S—1 , 
b(6)=1—4Ai/S+3Bi/S—2A2/S? + Bo/S?+3(Ai/S)?—2A1Bi/S? 
where in the case of <001)z, 


(4.15) 


= 2K a 2 
K+2 a ad 
2K aAn+ an* 


An — 
2Kao+ao* 
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and in the case of <1ll)un, 
oe ( KBo+2£Bo* i 
2Kao+ao* 
1 
An = PA) nt K m 
2Kan+ay*) {3Kan' +5 Kant” + 4a,* 21} 
if 
2 = 3K, Poe) nt” nk (2) ne 
eb meni be 
a) eG 
$=r=1/12 for superscript (1) 
me 2 < Si 4S) F 
s= Rig aL for superscript (2) 


Fig. 6 indicates a(é) thus calculated. 

It is a remarkable result that sign reversal 
of a’? takes place at d~0.1. In view of the 
fact that R3o°"(298°K) is independent of field 
strength at weak field, it is believed that 6 
must be nearly 0.1 at room temperature in 
the present crystals. Another information 
about 6 can be obtained from (4.2a) using 
Conwell’s wu, for Nr=5x10'* and wz at room 


temperature, resulting in d~0.14, which 
agrees fairly well with the value above 
mentioned. 


In order to compare (4.13) with (3.1), E® 
=a’yu”?’s were calculated by assuming 06 
0.1 at 298°K and by using “»~3,800 together 
with the theoretical curves for a® shown in 
Fig. 6. Cubic symmetry relations’) were used 
tomcaiculaterG“-except £°" <and=f"". “As 
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Fig. 6. Weak field expansion coefficient a<®(6). 


indicated in Table I, satisfactory agreement 
between &* and &” was obtained. These 
features will predict weak field behaviors of 
Hall coefficients for crystals of any resistivity 
or at any temperature not actually measured, 
by sliding 6 with the relations of (4.2) and 
(4,2a). 

(2) Temperature dependence of Ro/R. 

From (4.6) and (4.10) Ro/R. or /g/u at zero 
field is easily obtained. 


Ro _ 323K(K+2) 
Ro 3s OK+1" 1) 
2 (2K+1)? (KBo+28.*) 


Vaz K+2 (2Kayt+ac*y 


Fig. 7 shows the behavior of /(d), where solid 
curve is calculated with AK=20 and r=1/12, 
while two broken curves correspond (1) to 
the one in which K=15 and r=1/12 are as- 
sumed, and (2) to the one in which =20 
and rv=l, respectively. It is found that 


(4.18) 
iO) 


_— 


7.00 5 T 


Fig. 7. I(6) vs 6. Solid curve; K=20, r=1/12. 
Broken curve 1; K=15, r=1/12. 
Broken curve 2; K=20, r=1. 
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isotropic impurity scattering depresses the 
minimum of /(é) to some extent, while mass 
ratio does not too much affect J(0). When 0 
=0, (4.18) coincides with Abeles-Meiboom or 
Shibuya’s formula?).®). 

For the purpose of comparison with experi- 
mental data, it will be convenient to draw 
the Ro/R. curve not against 6 but against 
temperature. From (4.2) and previous in- 
ference on 0, let us now assume 

OT \=0.1(300/7) (4.19) 
Substituting (4.19) in (4.18), Ro/R. will be- 
come a function of temperature. The result- 
ant Ro/R. vs T curve is illustrated in Fig. 8. 
It is seen that Ro/R. has a minimum of 0.82 
near liquid nitrogen temperature in the pre- 
sent case. Meanwhile, under constant mean 
free time assumption investigated by Bullis 
and Krag®) the minimum of Ro/R. was 0.79. 
Of course, better agreement with experiments 
can be obtained in the present case, though 
exact experimental determination of o’s is 
somewhat difficult at 77°K and 90°K. The 
discrepancy at zero field may be a fault of 
the constant mean free time approximation. 
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In Fig. 8 two other Ro/R. vs T curves, in 
which (1) 6 is chosen by Conwell-Weisskopf’s 
formula or (2) isotropic impurity scattering is 
assumed, are also presented. It seems theore- 
tical Ro/R.’s have qualitatively explained the 
behavior of experimental data. However, a 
tendency cannot be overlooked that the ob- 
served values deviate upwards from the 
theoretical curves, especially at higher tem- 
peratures, where no possibility depressing the 
observed points is expected. As will be dis- 
cussed in the later section, this might suggest 
that some correction such as optical phonon 
scattering is necessary. Remarks on the 
curve 3 in Fig. 8 will be given in the next 
section. 


§5. Discussions 
A. Constancy of carriers 


Applying Fermi satistics to a semiconductor 
containing 5x10'* donors, Na, per cm? of 
which energy level, Ea, lies at 0.01eV below 
the conduction band edge, the rate of exhau- 
stion can be easily determined at any tem- 
perature. This is the ideal case in the pre- 


Ro / Reo 


Big. 8. 


R./R- vs T. Open circles are experimental. 


200 


250 300 


Solid curve; calculated with 6=0.1- 


(300/7)3/2, K=20, r=1/12. Thin curve 1; 6=0.14(300/T)3/2, derived ‘from Conwell’s 
fz iS used instead of above 6. Thin curve 2; r=1 or isotropic impurity scattering is 


assumed, leaving § and K unchanged. 
scattering, 


Broken curve 3; modified by optical phonon 
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Table IV. Rate of exhaustion and corresponding Fermi energy in a semiconductor, in which 


Na=5x 104 cm-3, 


Ea=0.01leV and (m*/m)3/2=0.4. 


90°K 208°K - 


et od bi : | 77°K | 195°K 
Na/n(T °K) 1.0017 1.0011 1.0002. 4 1.00006 
n(T'°K)/n(77°K) 1.0000 1.0006 1.0015 1.0016 
—0.052 —0.156 —0.254 


¢(T °K) eV 


sent specimens. Table IV shows the ratio 
Na/n(T °K), n(T°K)/n(77°K) and Fermi energy 
€(T°K). It is seen that the assumption of 
constant carriers is well assured in the ideal 
case. 

However, actual specimens may naturally 
contain some uncontrolled imperfections, from 
which ionization is possible at higher tem- 
peratures. Then, let us consider the maxi- 
mum concentration of these uncontrolled cen- 
ters. One clue will be to measure the mean 
lifetime of injected minority carriers. In 
most crystals used here the lifetime by means 
of photoconductivity decay method was about 
200 sec at room temperature. According to 
Burton et al'®) the value of 200 usec is their 
highest limit for 3ohm-cm n-type germanium, 
where the concentration of the unknown re- 
combination centers, N:, may be estimated 
to be less than 1x10!® per cm’. Though it 
is not clear what the sources of Nz are, pro- 
bably they consist of crystal imperfections 
such as dislocations or vacancies and chemi- 
cal impurities. As a matter of fact main 
centers concerned with the carrier contribu- 
tion are those having energy levels near or 
between Fermi levels at liquid nitrogen and 
room temperatures. Therefore, dislocations, 
which have been proved to have an acceptor 
level about 0.2eV below the conduction 
band‘®), must be considered in the first place, 
since they are substantially empty at room 
temperature but can occupy electrons at low 
temperatures. According to the reciprocal 
law between lifetime and dislocation densi- 
ty'”, the lifetime of nearly 500 sec, which 
is two or three times was large as the observ- 
ed one, will be expected at room temperature 
using measured dislocation density of about 
5x10? per cm? or less in our crystals. Thus 
it would appear that dislocations are an im- 
portant factor among Nz concerned with the 
carrier contribution, even if Read’s theory 
has concluded'®) that only relatively few of 
dislocation sites will be filled at low tempera- 


—0.063 


tures because of space charge effect. The 
remaining fraction of Nz might be due to 
chemical impurities, copper for example, and 
frozen-in vacancies, though their solubility!” 
is rather small. These centers possess their 
energy levels near or below the middle of 
the gap” and do not much affect the number 
of carriers. 

In consequence, the temperature effect of 
uncontrolled centers on number of carriers 
would be fortunately insignificant, and the 
resultant undesirable shift of Ra(T°K) due to 
carrier change should be at most within 2 
percent even in the worst case. 


B. Thermomagnetic effect 

Since the Ettinghausen effect cannot be ex- 
cluded in the experiment, it will be necessary 
to confirm negligible contribution of the effect 
to Hall voltage. Ettinghausen effect, entire- 
ly the same with Hall effect, can be written 
in the form 


AT = PIA, (5.1) 


where AT, P, I, and d are temperature dif- 
ference across the specimen, Ettinghausen 
coefficient, total current and thickness of the 
specimen respectively. As for P, Mette 
etal? have obtained the value of nearly 
10-° deg. cm. amp.~! gauss“! for 3ohm-cm n- 
type germanium at 300°K. Using this result 
with the present experimental conditions of 
I~0.5mA and d~1mm, (5.1) gives 4T~5 x 
10-* deg. at H=10' gauss. Considering the 
Seebeck effect of which order is 1mV per 
deg. carried out by Geballe and Hull,” the 
resultant electromotive force should be ap- 
proximately equal to 0.05 vV. Consequently, 
this is quite negligible as compared with Hall 
voltage of about 10mV at 10‘ gauss, and it 
may be concluded that even phonon-drag ef- 
fect at low temperatures is out of the ques- 
tion. 
C. Optical phenon scattering 

Plotting the observed values of Ro/R. aga- 
inst. temperature, it seems that they are sorne- 
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what lager than the theoretical ones as 
already shown in Fig. 8. Furthermore, there 
may be a possibility that Ro/R..(298°K) shifts 
within 2 per-cent toward higher value, in 
view of the doubt in carrier constancy. 
Though the discrepancy is not so definite that 
the theoretical analysis may be radically 
modified, it is yet suggested that some correc- 
tion is desirable. 

One resonable approach will be to consider 
the effect of optical phonon scattering, which 
has bee used to explain a fact that the tem- 
perature dependence of conduction electron 
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mobility does not obey the exact —3/2 power 
law but rather follows —1.66 power law® in 
very pure crystals. In order to understand 
this behavior, Herring?*) has proposed to take 
account of intervalley scattering, while Wein- 
reich et al’) have insisted that the effect 
should be ascribed not to intervalley scatter- 
ing but to optical phonon scattering with 
their experiments on acousto-electric effect. 

Then, a trial calculation was carried out 
by adding a term 1/ro due to optical phonon 
to Eq. (4.1). Here, 1/ro is given by 


Vxtr4 


Viele’ a 


Vo= 
r ers 
G ae V«x+r 


where 7=4./T. Using 0.~432°K obtained by 
Brockhouse et al?) by means of neutron dif- 
fraction, and by assuming C=0.125 which 
seems to be acceptable, broken curve 3 shown 
in Fig. 8 has been calculated, resulting in 
better agreement with the observed values. 


§6. Conclusions and Acknowledgments 


Anisotropic values of “y/4 appearing in Hall 
coefficients in n-type germanium have been 
precisely observed at four specifield tempera- 
tures and theoretically discussed under ellip- 
soid model and mixed scattering. Experimen- 
tal results have elucidated the importance of 
slight impurity scattering. It has been also 
clarified that 4x/v’s at usual magnetic field 
strengths are considerably anisotropic and 
almost always smaller than unity. These 
features are well explained by the theoretical 
analysis. 

In case 4z/ is assumed to be 37/8 in or- 
dinary Hall measurements, it is rather re- 
commended that a value of 0.9, in place of 
37/8, is used in non-degenerate n-type germa 
nium. For further arguments, the following 
facts should be remembered even if number 
of carriers remains unchanged: 


f= VE 7 x>T7 


ieee (5.2) 


AER 


(1) Ro decreases at first with decreasing 
temperature, reaches a minimum, and then 
begins to rise again. 

(2) Unless @ is very small, Ri generally 
decreases at first with increasing field, rea- 
ches a minimum, and then increases toward 
its infinite field value. 

(3) Ry? approaches its infinite field value 
in most straightforward way without initial 
decreasing. 

Careful experiments of this kind may be 
utilized to detect the small mixing rate of 
ionized impurity scattering into lattice scat- 
tering or may be helpful to determine the 
symmetry property of energy band structure 
in a semiconductor. These knowledges will 
be also useful to apply the Hall effect to 
some devices. 

Finally, the authors wish to acknowledg the 
support of Dr. H. Muraoka and Mr. T. Abe 
of Toshiba Transistor Plant who prepared 
and oriented the crystal. They are also greate- 
ful to Dr. M. Shibuya of the Electrotechnical 
Laboratory for many helpful suggestions and 
discussions. Mr. T. Kikuchi and Miss E. 
Komiyama assisted with many of the numeri- 
cal calculations and the experimental measure- 
ments. 


Appendix I. Transformation of {a} into {5} 


(1) {S}, Conductivity tensor in respect to crystal axis system 


The transformation must be performed in two steps. First, the components of {oc}, the 
conductivity tensor viewed from the 7-th valley system (¢), are transformed into the crystal 
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axis system (c), while H® in {c} are fixed as parameters. Here H® is the set of the com- 
ponents of magnetic field H viewed from the i-th valley system. Let the transformation 
tensor be {A}, defined for a vector v as 


vO ={A}O.yo | (A.1) 


Then we obtain 


(S}=> {A} 1. Lo( HOO LAVO , (AZ) 


Secondly, H'’s in {S’} are replaced by the original magnetic field referred to the new system. 
This can be performed by substituting 


H® ={A}O. Ho (A.3) 
in (A.2). 
Table A—I 
i 7 {A} 4 : {A }@) De LA} fa} 2 
isis Kis <ul, <inlis itis, <sie> <Ghits, <ul 
Cece a Rie ea 
i ey AO FD A Pe oR SD. 
—l — 2 —1 1 2 1 1 Z 1 —l Z 
CAA v6 Y¥6 ¥6 V6 ¥6 ¥6 W6 Y6 6 6 
1 1 fe ete ot ete, Sih Sait <4) 
¥3 ¥ Y3 VAS yt) ¥3 v3 W3 ¥3 v3 V3 


In n-type germanium, {A}’s are given in Table A.I. Thus we obtain, denoting the field 
components referred to the crystal axis system as M:, Ho, Hs, 


Susu 3 [(1/B{2Kalp, s*)+aX(p®, s)}+o°K*Hitr(p®, 3) 
t= 
4 


Sw=u 3 [(—1A/3){Kal p®, s)—at(p®, 8) (Ad) 


—(1/3)\vKk{ Kq® Bp”, s®) + qg*© BX p®, s)+v?K?MiAeoy( pp, si) 
Si2(H) =Sai(— A) . 
Here we must substitute the following relations into p®’s, s’s, g®’s and qg*’s according to 
Eq. (A.3). 
i= 1/3)v2K{(K+2)( Hi? + He? + Hs) + 2(K—1)( Hi He + Aes + AeH:)} 
p2= 1/3)v2?K{(K +2)(Hi? + He? + Hs?) +2(K—1)(— Wi Ae— 2H + HAs) } 
ps= 1/3)v?K{(K +2) Ai? + Ae? + Hs?) +2(K—1)(Ai A — A2Hs— HsM)} 
pis 1/3)v2K{(K+2)(Ai2 + Ae? +s?) +2(K—1)(— Wie + Hes — HsA1)} 


(A.5) 
iS 1/3)v2K{(rK +2)(Hi? + He? + Hs”) +2(7K—1)(Ai Ae + Ae Hs + HsH1)} 
Sope= 1/3)v2K{(rK +2)(Hi? + He? + Hs?) +207 K—1)(— Ai 2 — Fe Hs + Hs) } 
saps =(1/3)v2K{ (7K +2)(Hi? + He? + Hs”) +2(7K—1)(AiAe— FeHs— Aefhs)} 
saPs=(1/3)0?K{ (7K + 2)( Ai? + Ho? + He?) + 207K 1)( Hi H2+ #2: H2H:1)} 
ga=M4+A2+Hs qit=—Hi—A2+2Hs 
qz:=Hi—H2+As qe*=— Hit H2+2Hs (A.6) 


qs*=Hi+HA2+2Hs 
QS =H: +2H;3 . 


gs=—Hi—H2+ As 
q=—Mi+ht+Hs 
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The other components of Sj are obtained by cyclic permutation of indices of Hi in Eqs. 
(A.4), (A.5) and (A.6). 


(2) {2}, Conductivity tensor in respect to observing system 
The transformation can be performed in the same way as in (1). 


tensor {G} as follows 


Now let us define the 


vi) ={G} -v : (A.7) 


or 
J//KGu, Giz, Gis) 


Va//<Gr1, G22, Ges (A.8) 
A//KGs1, Gsz, Gasp . 
Then we obtain 
{2”}={G}-{S}-{G}". (A.9) 
Subsequently, H in (A.9) must be replaced as 
Hi=GaH, H2=GaH, Hs=Gal . (A.10) 
In the present experimental situation, 
—1/V¥2 W/Vds 0 
{G}=| —(1/V Zyces6 —(/V2)cos@ sind | (A.11) 
| (/¥ 2)sin 6 (W/V 2)sind cosé@ | 
in accordance with Fig. 1. 
For <001>” case, for instance, we obtain from (A.9), (A.10) and (A.11), 


© 11=(1/2)(S11 +S22— S12—S21) 
S22 =(1/2)(Si1 +S22+ Si2+S21) 


A.12) 
© 12=(1/2)(S11—S22+ Si2—S21) : 
S21 =(1/2)(S11—S22— Si2+Sa1) , 
where 
‘Si =S =(4/3)u 2Ka ’ Ss a me ? 
1 22 - @, s)ra op, sy (A.13) 


Sie =—S21=—(4/3)uvK{ KB(p, s)+28*(p, S)}Af . 


In this case, following parameters have been used which are derived from (A.5) and (A.6) 
together with (A.10) and (A.11). 


p=pi=--+=pi=(1/3)v?K(K+2)H? 
$= S81=:::=s=(7K+2)/(K+2) 
Fe ee (A.14) 
peat ats 


We obtain Ry” by substituting (A.12) and (A.13) into (4.5), and then Ro by taking p=0, 
from which (4.11) can be derived. (4.12) is also obtained in the similar way. 


Appendix II. Condition for weak field expansion 


Expansion of @ etc. in respect to p is performed by rewriting the denominator of integrand 
in the following form, 


1 Bb 1 S x3(x?-+ 50?) n 
(x? +.0?)°(x? +76") + pxP(x?+s02) — (x®+82)?(x2+762) [1 es (4? +.6?)*(? +76?) al goss 
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In the integration of every term the expansion is meaningless unless 
Anp” > Anwp"* , etc. (A.16) 


Therefore the condition will be sought here. Since S<1, the sufficient condition will be 
given by 


px*(x? +36?) px 


(PLO) +18") ~ GPFI\E +O) decided 
or 
(x? +.0?)(x? +10") — pas =d{(E* +1) E? +7)— gb} = OYf(E)>0, (A.18) 
where 
E=x/0, v=p/e. 
From 


f@)=H4E—39E+211+nN}=0, and r=1/12 
the minimum value of /(&) is given at 
&)=(89+ V 9v?—(104/3))/8 . (A.19) 


Numerical evaluation of fmin>0O must result in the condition 


go = p/d<0.2. (A.20) 
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The electrical and optical properties were measured with p-type syn- 


thetic CdTe single crystals. 


by the heat treatment or the growth in the cadmium vapor. 


The Hell coefficients of the crystals increased 


From the 


present measurements it will be shown that the intrinsic energy gap is 
about 1.43e.v., the ionization energy of acceptors is about 0.20e.v. and 
the Hall mobility of holes is about 80 cm2/volt-sec. at room temperature. 
It seems that the data of Hall mobilities are in agreement with the theory 
of intercation with the optical mode of lattice vibrations. 


$1. Introduction 


CdTe is one of the II-VI compound semicon- 
ductors whose photoconductive, photovoltaic 
and luminescent properties have been investi- 
gated by many authors. CdTe surpasses any 
other II-VI compound in obtaining relatively 
large crystals from the melt and in preparing 
both n- and p-type crystals!®), 

Concerning CdTe crystals, relatively few 
papers have been published*® and only few 
properties have been clarified. 

In this paper the method of the preparation 
of the single crystals and the treatment of 
them in Cd vapor will be reported. The 
measurements of optical absorption, reflection 
and refractive index, dielectric constant, pho- 
toconducting properties and Hall effects will 
also be described. 


§2. Preparation of Samples 


The crystals used in this experiment were 
synthetic single ones. For the purification the 
cadmium and tellurium were distilled in vacu- 
um. The resulting materials were mixed in 
the proportion of atomic equivalents, and they 
were put into a fused silica tube crucible 
which had a capillary bottom in order to 
grow only one seed. Then the crucible was 
evacuated and sealed off. For the growth of 
the single crystal the double furnace of Stock- 
barger-type was used (Fig. 1). The crucible 
was heated at about 1150°C for 3 hours in the 
furnace, and it was gradually lowered down 
to the lower temperature region in the furnace. 
The speed of lowering was about 2cm/hr. 
Thus the crystal was grown from the bottom 


of the crucible. 

The crystals obtained were of cylindrical 
form of about 10mm in diameter and 50mm 
in length. The X-ray examination indicates 
that all these crystals had the lattice structure 
of zinc blende type, and that all the cleaved 
surfaces were (110) planes. 

One of the crystals was first heated at the 
temperature of about 950°C, and then immedia- 
tely immersed in water so as to be cooled 
down rapidly. This crystal also revealed an 
X-ray pattern of the cublic structure. The 
above result means that the transformation 
from cubic to hexagonal structure which was 
suggested by Miyasawa and Sugaike*’®” could 
not be observed at the temperature used. 


| to Lowering 
Mechanism 


Thermo- 
couple 


to 
Controller 


Fig. 1. Shematic diagram of the Stockbarger-type 
furnace. 
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All the crystals as grown showed p-type 
electrical conductivity, and the resistivies were 
of the order of 10?~10° Q-cm. These crystals 
will be designated as A-type in this paper. 
The p-type crystals of high resistivity (10°~108 
2-cm) were obtained, however, by the crystal 
growth in the saturated vapor pressure of 
cadmium. These high resistivities were not 
altered both by the zone refining the elements 
and by the recrystallization of CdTe. These 
crystals will be called H-type. More doping 
of excess Cd could not change the crystals 
into m-tpye ones but made them porous. 


(Q cm) 


Resistivity 


O 02 On aatO 


0.4 O6 
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Fig. 2. The resistivity of samples as a function 
of Cd vapor pressure under the heat treatment. 
All the samples used were cut from the same 
A-type crystal and treated at 900°C for 5 hours. 


Similar result were obtained under the heat 
treatment of samples in various cadmium vapor 
pressures. After the treatment the surfaces 
of about 0.1mm in thickness of the samples 
(the dimension was about 9x3x2 mm‘) were 
turned into v-type, but the bulk remained in 
p-type. This result was observed within the 
temperature range of 800~950°C throughout 
the period of 3~10 hours during which the 
treatment was conducted. Furthermore, it 
could not be altered when the rapid cooling 
was applied to the samples by means of im- 
mersion in water after the treatment. With 
the treated samples, the resistivity of the 
bulk was shown in Fig. 2. As the pressure 
increased, the resistivity of sample became 
higher, but under the pressure of more than 
0.27 atmosphere the change of the resistivity 
with pressure was hardly observable. These 
samples will be designated as C-type. 

By the addition of Ga into the melt, crystals 
obtained showed u-type condnction, but, so long 
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as the amount of Ga was very small, the 
crystals remained p-type. These crystals will 
be called G-type. 


§3. Experimental Results 


1) Optical Properties. All the optical pro- 
perties were measured at room temperature. 
Fig. 3 is the transmission data on the single 
crystals. It will be seen from the figure that 
there is the absorption edge at about 1.43 e.v. 
of the incident photon energy. 
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Fig. 3. Transmission measurements of CdTe 


single crystals. 


Inverse Transmission 


(ev) 


Photon Energy 
Fig. 4. Absorption spectra of thin films. 


The absorption spectra of the evaporated 
thin films are shown in Fig. 4. There is also 
the absorption edge at about 1.43e.v. Unless 
the correction is made relative to the reflec- 
tion loss, the absorption coefficient is about 
7x10‘cm-! at 2e.v. of the incident photon 
energy. From the fact the absorption edge 
is considered to be attributed to the funda- 
mental absorption. 

Fig. 5 shows the reflectivity of light on the 
cleaved surface of a single crystal, and the 
reflectivity spectrum seems to correspond well 
with the absorption ones. 

The photoconducting phenomena could be 
observed on the crystals of high resistivity. 
The photoconducting spectra are shown in 
Fig. 6. With the H-type samples main peak 
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is situated at about 1.42e.v. According to 
the Hall measurements these crystals showed 
p-type conduction under illumination as well 
as in the dark. G-type crystals of p-type in 
the dark became m-type under illumination of 
light. There are three peaks of sensitivity at 
about 1.0, 1.37 and 1.43 e.v. 
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Fig. 5. 
crystal. 
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Fig. 6. Typical photoconducting spectra. 


The refractive index 2 of the crystal was 
determined by the means of measurements of 
minimum deviation angle of light through the 
crystal cut into the prism. When the light of 
about 1 in wavelength was used, the value 
of m obtained was 2.83+0.03. 

2) Electrical Properties. The Hall effects 
of the samples were measured with the or- 
dinary d.c. method. The Hall coefficients of 
eight representative samples are shown in 
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Fig. 7, Hall coefficients of eight samples as a 
function of inverse temperature. Hall coefficients 
observed in n-type are noted as n, and 9 is the 
resistivity of samples at room temperature. 
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Fig. 8. Temperature dependence of the Hall mo- 
bilities with several A-type samples. 
and b are calculated from 
po=57 {exp (252/7)—1} and 
po=4X105 T-3/2 respectively. 
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Fig. 7. Except for the data on the samples 
of very high resistivity at high temperature 
range, all the coefficients obtained were of 
p-type, and the slopes of the curves are about 
the same. At temperatures higher than room 
one Hall coefficients of the samples of com- 
paratively low resistivity have an inclination 
of saturation. 

The Hall mobility of holes was determined 
from the data. The temperature dependence 
of Hall mobility 4a for several A-type samples 
is shown in Fig. 8. The Hall mobility was 
about 80cm/?/volt-sec. at room temperature. 
With C-type samples the values were observed 
somewhat smaller than the above. 

The dielectric constant € of the CdTe cry- 
stals was determined through the measure- 
ment of the capacities of condensers in which 
the CdTe plates were inserted as the dielectric 
media. When an osillator of 1 MC frequency 
was used, it was found that € is 10.3=£0.2 at 
room temperature. 


§4. Discussions 


It is known from the absorption and reflec- 
tion data that the fundamental absorption edge 
is situated at about 1.43e.v. This value co- 
incides well with the main peak of photocon- 
ductivity. On the other hand, in the absorption 
and reflection spectra, some structures were 
also observed. Through the results may be 
interpreted with various possibilities, it is pro- 
bable that the energy gap is about 1.43 e.v. 
unless the further informations are obtained. 

Excess Te or Cd vacancies seem to be one 
of the most predominant impurity centers 
contained in the present crystals, since some 
amount of Cd is vaporized at the melting point 
of CdTe, and the resultant crystals grown 
from the mixture of atomic equivalent pro- 
portion may contain some excess Tellurium. 
In fact relatively low resistivities of p-type 
were observed in such crystals, and insulating 
crystals were grown in the saturated Cd vapor 
pressure. Simillarly, by the heat treatment in 
Cd vapor p-type samples of high resistivity 
could be obtained. 

On the other hand, CdTe could hardly contain 
more than definite quantity of Cd excess im- 
purity, becuse Cd added could not change 
carrier sign into 7-type. 

All the curves that represent the relation 
between the Hall coefficient and temperature 
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data formed approximately the same slope in 
the case of p-type samples. Let p=(3z/8) 
(1/Re) be the hole concentration, then we can 
obtain the concentration from the Hall coef- 
ficient R. In this case the hole concentration 
will be expressed as follows: 


+Np a 3/2 
Oe Ne=DNe Cm) DexP(—BulkD) 
(1) 


where Nu and Nop are the concentration of 
acceptors and donors included in the samples, 
and E,4 and D the ionization energy and de- 
generacy of acceptor, respectively. Quantity 
ma is the density-of-state mass of holes in the 
valence band, m. is the free electron mass, 
and WN; is the density of state in the valence 
band with ma=m. 

If the logarithm of the left-hand side of 
Eq. (1) is plotted against the reciprocal of the 
absolute temperature, one should obtain a 
straight line whose slope gives E4 and whose 
intercept is (ma/me)*/? D-. In making such a 
plot the values of the parameters, Na and No, 
must be chosen. Such plots of A-type samples 
were shown in Fig. 9. If we chose the other 
values of (Ni—WNp) or too small vales of No, 
the plots could not fit in with a straight line 
as shown in the figure. The intercept gives 
the value of (ma/m-)*/? D-! as a reasonable 
value of about 0.5. If the value of No is 
too large, (ma/mz.)*/2 D-! has an unreasonably 
large value. The slope of the line corresponds 
with £4=0.20e.v. Then it seems that in the 
A-type samples there are both acceptors and 
donors of 10'°~10'*/cc and the ionization energy 
of acceptors will be about 0.20e.v. 
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Fig. 9. Carrier concentration analysis of A-type 
samples. 
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In Fig. 8 curve 6 is drawn in accordance 

with the following equation: 

pu =4X10° T-*/2 (practical unit), 

which is expected from the scattering by the 
acoustical mode of lattice vibrations. Our data 
show the larger values than the curve at low 
temperature and those data agree with neither 
the acoustical nor the impurity scattersng for- 
mulas. 

Frohlich and Mott® have studied the optical 
mode scattering in the weak coupling approxi- 
mation, and Low and Pines”) have developed 
the problem in the intermediated coupling 
range. 

According to them the optical mode could be 
approximated with a single frequency o. Then 
the following expression is given for the mo- 
bility 4 below the Debye temperature 0=h 
o[k: 

*\ 3 
paso (7) flaXexn(6/T)—1} 


2a0o m\m 


(electro-magnetic unit), (25) 
where m and m* are the effective mass of 
the electron and polaron respectively, @ the 
strength of the interaction of the electron with 
the lattice, and f(a) a slowly varying function 
of @ which is a little larger than unity at the 
low values of a. The quantities m and m* 
are related as follows: 


m*=m(1+a/6), (3) 


and » could be calculated from the Reststrahl 
wavelength 4; as follows: 


w=(E/n?)!/? Qrc/at (4) 
and also @ is given by 
te? ie yea I! 
a=*-(a) Gane Se 


Mitsuishi, Yoshinaga and Fujita!” have ob- 
served the Reststrahlen of CdTe and found 
the wevelength to be about 66.7. Using the 
values of dielectric constant and refractive 
index obtained, we cauld calculate the Debye 
temperature as 252°K. 

In Fig. 8 curve a represents 


fx =57{exp (252/T)—1} (practical unit). 
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This expression seems to be better fitted to 
the experimental data and it may be considered 
that the deviation of the data from the curve 
a would be explained by the experimental 
errors and some contributions from the im- 
purity and/or acoustical scattering. 

If the Hall mobility “2 meassured could be 
supposed to be the good approximation of true 
mobility 4, effective mass m, polaron effective 
mass m* and coupling constant @ could be 
calculated from the data. The values obtained 
for CdTe are as follows: 


m=(0.63£0.06)m7e, m*=(0.69+0.07)m-, 
a=0.57+0.08. 


Assuming that “z=(37/8) “ we must enlarge 
the above values in about 9%. 
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The Hall coefficients of magnesium-cadmium alloys have been measured 
as a function of composition at both room temperature and 300°C with 
the magnetic field up to 6.5KG. For all the compositions, the Hall 
coefficients are independent of magnetic field. An electronic structure 
of this system has been discussed with results of the lattice-spacing 


relations obtained by Hume-Rothery and Raynor. 


A relation between 


energy gap and concentration is discussed by comparing their results with 


the Hall coefficients measured by us. 


The present experimental results 


indicate that the energy gaps show a tendency to increac¢ with the addi- 


tion of cadmium to magnesium. 


$1. Introduction 

The Hall coefficients of magnesium and 
cadmium are negative and positive respec- 
tively. Both are divalent metals with the 
close-packed hexagonal structure. In pure 
magnesium or cadmium the number of over- 
lapped electrons is equal to the number of 
holes in the first Brillouin zone. Thus a 
positive Hall coefficient means predominating 
hole mobility, while, if it is negative, an 
electron conduction must be more important. 

Magnesium and cadmium make a continuous 
solid solution at higher temperatures, while 
at lower temperatures the existence of three 
ordered phases Mg;Cd, MgCd and MgCdz; has 
been confirmed by several investigators”. In 
the continuous solid solution region the axial 
ratio of the close-packed hexagonal lattice 
varies monotonically with concentration”. 
The electronic structure of the alloys should 
undergo a change with the variation of the 
axial ratio. 

The purpose of the present paper is to 
obtain an information about the electronic 
structure of this system by means of the Hall 
effect measurements. The temperature at 
which a part of our measurements was per- 
formed is high enough for the existence of 
the continuous series of solid solutions. As 
it has been noted above, three ordered phases 
appear at room temperature, and correspond 
to three extreme values of the Hall coefficient. 


§2. Experimental Procedure 
Specimen preparation 
The cadmium and magnesium used in this 


investigation have the purity of 99.9%. <A 
series of 13 alloys is prepared to cover the 
whole concentration range. These alloys are 
melted under no flux, and cast into iron molds, 
so as to give plates 3cm in length, 1cm in 
width, and 0.2cm in thickness, which are at 
once sealed in evacuated glass tubes, and 
annealed for 5 weeks at 300~310°C. The 
tubes are then cooled in a blast of air, since 
quenching in water are responsible for the 
development of cracks as Hume-Rothery and 
Rayner had noted. After this treatment these 
alloys are polished to be 0.2~0.3 mm in thick- 
ness as rapid as possible in order to prevent 
oxidization. They are sealed again in evacu- 
ated glass tubes, annealed for several days at 
300°C, and then rapidly cooled to room tem- 
perature. 


Measurement 

All samples are approximately 25x8x0.3 
mm. The samples are joined by spot welding 
to annealed copper wires. A primary sample 
current of about 2A is supplied by batteries, 
and measured with a mirror-backed ammeter. 
The Hall voltage is measured with a DC 
amplifier” using a galvanometer which has a 
high sensitivity of about 7x10-° V/div. and 
the technique has been developed in our la- 
boratory. As mentioned by Hume-Rothery 
and Raynor, in quenched alloys the super- 
lattice transformations took place on keeping 
the alloys at room temperatures, therefore, we 
measure the Hall coefficients at 300°C in an 
atmosphere of argon using an electric furnace 
which are put into the pole-pieces of electro- 
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magnet. The relatively shorter period fluc- 
tuations of the temperature of the specimen 
cause a variation of thermoelectric force at 
the probe-junctions, and therefore they disturb 
the measurement of Hall effect. The current 
of the furnace is supplied by a current stabi- 
lizer in order to eliminate fluctuations of a line 
voltage, because the Hall voltage to be 
measured in our work is less than 10-® Volt 
and even a slight fluctuatians of the tempera- 
ture difference between the probe-junctions 
can screen the Hall voltage. 


§ 3. Results 

The Hall coefficients of the magnesium- 
cadmium alloys at both room temperature and 
300°C are given in Table I and Fig. 1. 


Table I. 


Hall Coefficient (m3/A sec) 


Composition 


(at. % Mg) | room temp. 300°C 
on ao 3.4x 10-1 
10 Pa l0.0 3.3 
20 | 16.9 eee 8 
25 genres le Se 
30 Dalal 372 
40 11.9 0.3 
50 6.0 0.0 
60 10.4 ened 
70 15.9 = 0.5 
75 14.0 oO.7 
80 Bei, | — 1.6 
90 5.8 igen 
6 —10.6 


(a) The continuous solid solution 

The data at 300°C show that the Hall coef- 
ficients vary monotonically from a _ positive 
value for cadmium to a negative value for 
magnesium. The addition of cadmium to 
magnesium causes a rapid increase of the Hall 
coefficient, while the addition of magnesium 
to cadmium causes no changes. There is an 
abrupt change in the concentration-Hall coef- 
ficient diagram in the range of 60-70 at. % Cd. 


(b) The ordered phases 

The data at room temperature are given for 
the alloys which are annealed long enough to 
form ordered peases. In Fig. 1 the depend- 
ence of Hall coefficient on concentration has 
a minimum at 50 at. % and two maxima at 
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25 at. % and 75 at. % Cd correspoding to 
ordered alloys MgCd, Mg:Cd and MgCds 
respectively. Also included are the data of 
Salkovitz et al.’ for magnesium-rich magne- 
sium-cadmium alloys, and their results are in 
good agreement with our observations over 
the corresponding concentrations. 


eh Se 


0 50 


100" 
at % Mg 


Fig. 1. The Hall coefficient at room temperature 
and 300°C as a function of concentration of 
cadmium. The dotted line shows the data of 
Salkovitz et al.. 


$4. Discussions 


Many investigators have explained the pe- 
culiar variation of the lattice parameters of 
the metals with the close-packed hexagonal 
structure”. In 1940 Hume-Rothery and Ray- 
nor investigated the lattice parameters of 
magnesium-cadmium alloys at 310°C and made 
a discussion about onsets of electron overlaps. 
across the faces of the Brillouin zone. They 
concluded that the observation was well inter- 
preted with the Brillouin zone theory deve- 
loped by Jones. A direct consequence of this 
theory is that a significant effect should be 
found on the Hall coefficient, when overlap 
occurs. Further, even if no new overlap oc- 
curs, the variation of concentration of the alloys 
should cause a distortion of Brillouin zone, i.e. 
a distortion of crystal structure on account of 
an interaction of Brillouin zone boundaries 
with Fermi surface®. 
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The information of such a change of Fermi 
surface has come from X-ray data, but a more 
direct approach can be achieved by examining 
the concentration dependence of the Hall 
coefficient. The present measurements have 
shown that the Hall coefficients of the solid 
solutions of this system vary smoothly with 
composition except in the range of 60-76 at. 
% Cd. 

Magnesium and cadmium have the same 
valency, i.e., divalent and almost the same 
volume, but have different axial ratios of their 
close-packed hexagonal structures. There is, 
however, much difference between the Hall 
coefficients of them, that is to say, the Hall 
coefficient of magnesium is —10.6x10-!', and 
that of cadmium is 6.0x10-!!m*/Asec. The 
Hall coefficient of magnesium does not vary 
with temperature, while that of cadmium 
shows a considerable decrease with the incre- 
ase of the temperature in this temperature 
range. The Hall coefficient of cadmium is 
still positive, on the contrary, magnesium has 
a negative value in the temperature range of 
this measurements. 

Since magnesium and cadmium are conduc- 
tors of electricity, there must be an overlap 
into a second zone, the two band model might 
be adopted, and one can write 


(1) 


Ra= 


il eo 
le | (sp + M2fte)? 
were Ry» is the Hall coefficient, is the mobility, 
and m is the number of charge carriers per 
unit volume, and subscripts 1 and 2 refer to 
electrons and holes. Since both metals are 
divalent, each atom contributes two electrons 
in all the concentrations of these alloys. As 
the first Brillouin zone of close-packed hex- 
agonal structure can contain two electrons per 
atom, the number of electrons which are 
effective as carriers is equal to the number 


of holes. Therefore, Eq. (1) can be written as 
follows, 
cn I MS (2) 
eee n\e | -) ; 


Raog=—(/1— #2) ; (3) 
were o is the total conductivity. The values 
of (zi—/2) for both the continuous solid solu- 
tion and the ordered phases are calculated by 
using both the Hall coefficient obtained in our 
present work and the conductivity measured 
by Grube and Schiedt. The values for the 
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ordered phases may be meaningless because 
the electron number m: may differ from the 
hole number m2 due to the splitting of the 
Brillouin zone by a formation of new periodi- 
city and a distortion of the structures. The 
variations of these (4i—/2) with compositions 
are presented in Fig. 2. Also included are 
the data of Salkovitz et al. for the magnesium- 
rich region in magnesium-cadmium system. 
Their results are in good agreement with the 
present results in the corresponding compo- 
sitions. 

The first Brillouin zone of the close-packed 
hexagonal structure is shown in Fig. 3, and 
the energy of an electron varies continuously 
within this zone which is surrounded every- 


(cm?/V-sec) 


Hi- KHz 


at. %Mg 


Fig. 2. The difference between electron and hole 
mobilities versus composition curves at room 
temperature and 300°C. The dotted line is the 
results obtained by Salkovitz et al.. 


B B- face 


Fig. 3. The first Brillouin zone of the close- 
packed hexagonal structure. 
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where by an energy discontinuity, and con- 
tains exactly two electrons per atom. As 
mentioned above, magnesium and cadmium 
are conductors of electricity, then there must 
be an overlap into a second zone. In order 
to explain the present results, two types of 
electron overlaps and holes are employed. 
Mott and Jones have shown that the overlaps 
may occur either at 8 or at the re-entrant 
corners, point a, in Fig. 3. As it has been 
noted above, in magnesium-cadmium alloys at 
higher temperatures, there must be the same 
number of holes as that of electrons. From 
the shape of the Brillouin zone it will be 
plausible to consider that the holes may exist 
at both 7 and 6. The most important factors 
affecting these electron overlaps and holes are 
the magnitude of the energy gaps at the cor- 
responding faces of the Brillouin zone and the 
axial ratio, c/a, of the structure. If the ener- 
gy gaps are not changed by a variation of 
the axial ratio, the electron overlap @ and 
hole 6 decrease and the 8 and the y increase 
with the increase of axial ratio. On the con- 
trary, when we take an effect of only the 
energy gaps on the overlaps and holes in 
consideration, increasing energy gaps decrease 
the corresponding electron overlaps and holes, 
i.e., if the energy gap associated with the B 
face of the Brillouin zone increases, the over- 
lap 8 and the hole 6 decrease. 

Such a model may be adopted, and Raz is 
given by 


R 1 | Nosftes? + Ng Lg? — Ny Ly? — Ns Us” 
$s u 124: Af, 8 


lel | Nafta t+neup+nsys+nsys)? 

(4) 
where the subscripts a, 8, y and 6 refer to 
the a and 8 overlaps, and the 7 and 6 holes, 
respectively. By assuming that the relative 
variation of mobilities of the electrons and 
holes with respect to composition is not very 
large, a large concentration dependence of 
the Hall coefficient in magnesium-cadmium 
alloys will be explained by the change of 
magnitude of the electrons and holes with 
composition. According to the calculation of 
Mott and Jones there is no @ overlap for cad- 
mium with axial ratio 1.885 but no @ overlap 
for magnesium with axial ratio 1.6237. And 
hence the results of our present experiment 
indicate that the following relation holds among 
the mobilities of overlaps and holes: ys> p> 
e~ly. By neglecting the effect of energy 
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gap, a relation between the axial ratio and 
the concentration should indicate that the Hall 
coefficient makes a large change in the region 
of 60-100 at. % Cd, while in the region of 
pure magnesium to 60 at. % Cd the change is 
very small. Contrary to the expectation, little 
change was found in the region of 60-100 at. 
% Cd, and a rapid variation of the Hall coef- 
ficient in the region of 0-40 at. % Cd. In 
order to explain such a dependence of the 
Hall coefficient on the composition, it is suf- 
ficient that the energy gaps for the a and 8 
overlaps increase with the increase of the 
contents of cadmium. Namely, the rapid de- 
crease of the axial ratio with increasing mag- 
nesium contents in cadmium-rich regions will 
tend to decrease the 8 overlap but the de- 
creasing energy gaps will counterwork. Then 
the observed Hall coefficients keep almost a 
constant value. In contrast with this, the 
axial ratio shows only a very slight increase 
with the addition of cadmium to pure mag- 
nesium, so that the Hall coefficient should be 
scarcely affected by taking into account of the 
effect of only the axial ratio on the overlaps 
and holes. When the effect of the increasing 
energy gap is taken into account, it may be 
expected that a considerable increase of the 
Hall coefficient is shown with the increase of 
cadmium contents. 

The results at room temperature demon- 
strate the larger positive values of the Hall 
coefficient of Mg;sCd and MgCds, than that of 
MgCd. The Brillouin zones of both types 
which are formed by an additional periodicity 
of super-lattice appreciably differ from each 
other”. It is reasonable to consider that such 
a difference will cause a different interaction 
of the Brillouin zone boundaries with the 
Fermi surface. A considerable distinction of 
the Hall coefficients may be due to the dif- 
ference of the interaction. 

The writers wish to thank Mr. K. Yone- 
mitsu for the discussions and his helpful 
assistance with their experiments. 
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The thermoelectric power Q associated with the movement of silver 
ions in AgeX (X=S, Se, Te) is discussed, where Q is obtainable by 
measuring the potential difference between silver electrodes in an ar- 
rangement as Ag(7;)|AgI(71)|Ag2X|Agl(7>)|Ag(T2). When a temperature 
gradient is applied, @, in general, changes with time because of the 
thermal diffusion of both electrons and silver ions, and then reaches its 
steady value. An information on the heat of transport of a silver ion is 
obtained from the comparison between theory and experiment. 

An explanation on the heat of transport in ionic crystals is given 
taking into account the variation of vibration frequency of lattice due 


to the presence of defects. 


The theory is compared with the experi- 


mental data on silver halides and Ag:X available at present. 


§1. Introduction 


In §2 we shall discuss the thermoelectric 
power of AgeX (X=S, Se, Te). The thermo- 
electric power associated with silver ions in 
these substances has been measured by Rein- 
hold under the arrangement: Ag(7:)|AgeX| 
Ag(T:), where 7: and 72 are temperatures 
in the respective places. In this arrange- 
ment, silver atoms in Ag(7: or T2) enter into 
Ag»X until the equilibrium is attained, when 
T:=T:. When a temperature gradient is ap- 
plied between the two silver electrodes, it is 
not sure that the thermal equilibrium for 
silver ions holds at junctions, since it may 
happen that silver atoms enter into Ag.X 
from Ag(Tx>Ti)) and deposit at Ag(T\), 
resulting in the net current of silver atom 
through AgeX. The measurements of Rein- 
hold hence will not give the ionic thermo- 
electric power. This ambiguity on the thermal 
equilibrium can be removed by inserting a 


purely ionic conductor such as Agl between 
Ag and AgeX, as 


Ag(Ti)|Agl(T1)|AgeX|Agl(T2)|Ag(T2). (1) 


In this arrangement, the electrochemical po- 
tential of a silver ion, Cagt+, is continuous 
everywhere and so the difference of the Fermi 
levels between the two electrodes is related 
to d€s,+/dx, which can be obtained by the 
similar procedure to that in JIT reported 
already. When a temperature gradient is 
applied to the specimen, d€a,+/dx changes 
with time because of the appearance of the 
current of silver atoms and then reaches the 
steady value. It will be obvious that, in the 
steady state, the presence of electrons in the 
specimen has no effect on the thermoelectric 
power in the arrangement (1). 

Next, in §3, we shall give a theoretical 
consideration on the heat of transport in ionic 
crystals. Concerning the heat of transport, 
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the values of Ar+Qi*+Q.* and —Q»*/T+ 
Ou../OT have been obtained from the com- 
parison of the theory of thermoelectric power 
with experiments in AgCl® and AgBr”, where 
Q:* and Q.* and the heat of transport of an 
interstitial Ag+ and an Agt vacancy, respec- 
tively, Ar is the enthalpy of forming a pair 
of Frenkel defects and s»® is the Gibbs free 
energy of taking out a silver ion from a lat- 
tice site in a perfect crystal to the vacuum. 
The theory of Wirtz on the mechanism of 
thermal diffusion can not explain these values 
and hence we shall make a theoretical con- 
sideration on the heat of transport, showing 
a fairly good agreement with experimental 
values. 


§2. Ionic Thermoelectric Powers of Ag.S, 
Ag-Se and Ag.Te 


The thermoelectric power Q in the arrange- 
ment (1) is related to Qa,+, with the same 
procedure as that in 7°, by 


CQ =eQagt+sas , (2) 
where eQ,e+ is the value value obtained by 
subtracting €,,+ in AgeX at a certain point 
from that at an other point at higher tem- 
perature by 1°C, and ss2 is the entropy of a 
silver atom in a silver atom ina silver metal. 
Hence we have merely to calculate d&s,+/dx 
as follows. 

The electrical current densities of silver 
ions and electrons, j; and je, are given, re- 
spectively, by 


: on Om Oni Q* OT 
= Re v3 
eres (« ( 5] oe TOF ) , 


jem 2 (cE +( 2H) One 4 Qe ) 

é€ ela "0%. TT, O47 = 

where oi, 1: and yu are the partial conductivity, 
the concentration and the chemical potential 
per ion, of silver ions, respectively, and oe, 
Me and fe are similar quantities on electrons. 
With use of the condition that the total cur- 


rent does not exist; ji+j-=0 and the charge 
neutrality condition; 07;:/0x=0n./0x, we obtain 


(3) 


dE agt + dpi 
dx awe dx 
+ Et OLtsg ) (Ni)z=r—(Ni)z=0 
Onag a, AT 
Om 5. tQi*—tQ-* | OT 
tear af ee rabviad ks 


where /az and Mag are the chemical potential 


per atom and the concentration of silver atom 
in AgoX, t; and ¢ are the transport numbers 
of silver ions and electrons, respectively, and 
AT is the temperature difference between the 
ends of the specimen of length L. The differ- 
ence of 2; between the ends of the specimen, 
(111)z-r—(Mi)z-0, Changes with time ¢, after 4T 
is applied at ¢=0, since m or me depends on | 
time because of the thermal diffusion of both | 
electrons and ions. Therefore it is seen from 
Eqs. (2) and (4) that the thermoelectric power - 
depends on time. This time dependence can 
be found with use of the similar procedure 
to that in IZJ®) as follows. Here, let us con- 
sider only the case that L is so long that the 
time constant t is much longer than the time 
required to set up 47 in the specimen. 
The continuity equation for ions 


Oni Oji/e 

Foe a oe ee 5) 
Ot Ox oe) 
is reduced with use of Eq. (3) differentiated 
with respect to x, higher order term than 


that of 07/Ox being neglected, to 
Oni bs Oteli ( a) Oni (6) } 
ot CNONKe J POX? * 
where go is the total conductivity, o:to.. The | 
boundary condition to Eq. (6) is given by 


(Je)eno=( ji)eur=0 ? Co" | 
which is rewritten as | 
ae) Oni VS Q-*+Qi* OT 
( Ox onl Ox a T (Opag¢/OnNag)r Oma 

(8) | 


On the other hand, the initial condition is | 
m=ni, m°® being a constant independent of | 
x. Then, solving Eq. (6), we obtain 
(Ni)a—r—(Ni)e=o 
ANTE: 


pe¥ Cae: Ee (soll (9) | 


where F(t/r) is given by Eq. (21) in I, | 
and 


ny ek? | : 
i 7 otite(Opse/Onag)r : (10) | 


From Eqs. (2), (4) and (9), we obtain the ex-.| 
pression for the thermoelectric power: 


_ Qe | (Oyu 
= + ary, 


it OT 

te t 

+p O*+ QF (— \tst. aD) 

The electrical conduction in AgeX has been) 
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studied by Miyatani”, according to whom the 
concentration of silver atoms can be freely 
varied within a certain range, and 1: is inde- 
pendent of m: in a-phase, while it depends on 
m in 8-phase in fairly complicated way. In 
a-phase, the time constant t is so short that 
the usual measurement of the thermoelectric 
power gives the steady value and so the third 
term in Eq. (11) is neglected. The value of 
Q:*/T—Ou/0T is therefore found from the 
experimental value of Q with use of the value 
of siz estimated from the specific heat of Ag. 
On the other hand, in the 8-phase, the thermo- 


| electric power is expected to change with 
‘| time, since r is not so small. 


Accordingly 
the value of Q.*+Q,* will be obtained if the 
time dependence of Q is measured, besides 
the value of Q,*/T—Oi/0T obtained in the 


|| steady state. 


In addition, the change of Q, after 4T is 
removed at ¢=0 in the steady state, is calcu- 
lated as follows, where tc is assumed to be 
much longer than the time required to remove 
AT. The potential difference between the 
ends of the specimen, 4V, is given in such a 


case by 
) dx 


on ea bee Oui 
eav=\ ( eEm i eae 


=1( See) [(i)z-r—(Mi)z=0] 


OnNag 
The diffusion equation (6) and the boundary 


(12) 


- condition (8), OT/Ox being zero, are valid at 


the present case, while the initial condition 
is given by 
3 (2 1) Q*+Qi* 
NiFxnNi = 
Lo 2/ TOpsg/Onag)r 
which is the solution at f=o of Eq. (6). 
From Eqs. (12) and (13), we obtain 


Vv __ th ax+qer(£) 
ia 
which is equal to the third term of Eq. (11) 
depending on time. Such a situation is similar 
to the case treated in J/J®. The transport 
number of electrons ¢. in Eqs. (11) and (14) 
can be taken as unity except 6-Ag.S, for any 
electron density according to the measurement 
of Miyatani (f: is of the order of 1% except 
B-Ag.S). 
The measurement of the thermoelectric 
power of the a-Ag:X in the arrangement (1) 
has been made by Endo for the various con- 


AL (13) 


(14) 


Theory of Thermoelectric Power of Ionic Crystals, IV. 


195] 


centration of silver ions*. Theory predicts 
that the ionic thermoelectric power is inde- 
pendent of the concentration of silver atoms, 
since the a-Ag2X is of an average structure 
and all silver ions contribute to the ionic con- 
duction. This Ag-concentration-independence 
of Q has been experimentally confirmed by 
Endo*®. The experimental values under the 
arrangement (1) is remarkably different from 
those by Reinhold! as seen in Table I. The 
measurement of Reinhold seems to give 
roughly the electronic thermoelectric power 
of Ag-saturated specimen, which is obtainable 
with electrodes like Pt. From the experi- 
mental values of Endo®), we obtain the values 
of Q:*/T—Ou/0T with use of Eq. (11), its 
third term being neglected, as shown in 
Table I. 


Table I. The experimental values of ionic thermo- 
electric power of a-Ag,X and the values of 
Q;*/T—du,/0T obtained from Q-values by Endo. 


Ag.S 
You — Q(u0/ C) | +( Q:* = Omi Joao 
Reinhold Endo  ¢\ T aT 
200 | =70 4230, | 780 
250 0) 230 810 
300 | —70 230 840 
Ag»Se 
Se ee aly Geeta yane 
a et oan) (no/ C) 
| Reinhold Endo e qh on 
200 | —40 250 800 
250 —40 250 | 830 
300 | —40 250 860 
AgTe 
lic 8 ye pet Ona 
s pv[PC) 
| Reinhold Endo é Te Onl 
200 —120 440 | 990 
25020 420 | 1000 
300 | —120 415 1020 
§3. Heat of Transport 


We first consider a homogeneous substance 
like AgCl possessing mobile particles under 
a constant temperature and pressure. Let us 
imagine that it is divided into two parts A 
and B by an imaginary plane and WN particles 
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move from A to B. If such a movement oc- 
curs under a constant temperature and pres- 
sure, the heat of NQ* must be, in general, 
supplied from the environment into A and 
the same amount of heat must be taken away 
from B to the environment. The heat Q* is 
called the heat of transport of the particle 
transported, in the present paper. 

We now consider the heat of transport, Q:*, 
of an interstitial ion which is doing- thermal 
vibration around its equilibrium position in 
A. To calculate Q,*, let us trace the move- 
ment of an interstitial ion which first wanders 
within A and at last enter into B. In order 
for the ion to move from one interstitial site 
to the next one, it must climb the potential 
barrier, and, at this time, a certain amount 
of heat, 4H, must be supplied from the en- 
vironment to A. The magnitude of 4H, can 
be obtained as follows. Let x’ be the x- 
coodinate of a (100) plane in A, x: and x2 be 
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the x-coordinates of interstitial positions near- I 
est to the (100) plane, x’ lying in the middle} 
of x: and x2, and m be an average number’ 
of interstitial ions at x: or x2. When ani 
interstitial ion moves from x: to x2, the energy’ 
is transported by the amount U;*, which can) 
be obtained according to Wert who has com. | 
puted the transition probability per unit time, | 
wi, for an ion to move from x to %*2 by! 
means of the statistical mechanics”. Let: 
(x, ¥, 2), (bz, by, Dz) and m be the space-coordi-: 
nate, the conjugate momentum and the mass} 
of an interstitial ion, Q, P and K(P) be the; 
collective coordinate, the conjugate momentum?! 
and the total kinetic energy of the lattice¥ 
ions vibrating at normal sites in A, and 
v(x, ¥,Z; QM; v) be the total potential energy 
of the system consisting of lattice ions andl 
an interstitial ion in A of volume v. Then, 
the mean energy transported across the plane: 
x=x’ in time interval dt is given by 


[Nob at Apel ae E 
; m 


T(x’, ¥, 2; Q; 2 |x y, 2, Q; Gl gad 


nwiUi*6t= 7 kT 
| cas | - @, Le Q; *)|dbedbsdpedx dy dedP aQdv 
where 
T(x’, 9, 23 Q; v)=K(P)+ ox’, », 2: Q; V+ — (debt bet + BA)+ Pav 


S49, 23 VDAv=0669525-Q; v) +5 (batt b+ be) ; 


: 
(16)) 


No and fo are the total number of interstitial ions in A and the pressure, respectively, andi} 
the integration with respect to (x, y, z) is taken over the volume in A. From Isxeh (CIS), with) 
use of | 


wi=viexp (—Agi/kT) , (17) 


where vz and 4g: are the vibration frequency, and the Gibbs free energy of activation, of an) 
interstitial ion, respectively, we easily obtain 


Ue=V(x’)+2kT , 
where 


il i | 

NP OT [o(x’, ¥, 2; Q; v)+ povle(x’, y, 2; Q; v) dydzdQdv | 
1 (19)) 

exp or [p(x’, ¥, 2; Q; v)+pov] dydzdQ dv | 


VeEN= 


is the mean potential energy of the system which consists of lattice ions in A and an inter4 
stitial ion at x’. Since 4H is equal to the difference of the enthalpy of the system betw a 
when the interstitial ion is at x’ and when it is at x1, we obtain 


4H=( V(x‘) +2kT )—( V(r) + Ki) + podv , (20)) 
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| o. Ki is the sum of the kinetic energy of the interstitial ion due to the vibration in (yz) 
4 ane and the total energy due to the vibration in x direction, and dv is the volume increase 
{of A when an interstitial ion is activated from x; to x’. 
5 Next, when an interstitial ion moves away from the position x’ in A to B, the entropy of 
| ae ions in A varies because of the variation of vibration frequency of lattice ions around 
"a ince the movement of an interstitial ion from A to B takes place reversibly, the contri- 
bution of the entropy variation to the heat of transport is —Tds(x«’), where 4s(x’) is the 
} increase of the entropy of lattice ions due to the presence of an ion at x’. Hence, we have 


| “=AH—TAs(x’) . (21) 
' From Eqs. (20) and (21), we obtain 
— — = ¢.0S8¢e Omi? Z 
Q: (Ki Tsi® == Dar EZR + Aus ) (22 
where 
Aui=( V(x") — V(x1))— T (As(x’)—As(x1))+podv , (23) 


h pi is the Gibbs free energy of bringing an ion from the vacuum to the state of thermal 
vibration at an interstitial position in a perfect crystal, and si°* is the vibration entropy of 
| an interstitial ion. 

_ The movement of an Ag+ vacancy from A to B is equivalent to that of an lattice ion 
from B to A. Hence we have, corresponding to Eq. (22), 

One 


vy =Kr— Ts, + T—— —2kT—Au» ; 


aT (24) 


where Kz, sz°%*, and du, are defined for an lattice ion in a similar way to those for inter- 
stitial ion. Summing up Eqs. (22) and (24), we have 


Oe +Q0* =Aui—Auo— Tsr+3kT In vo/ri , (25) 


‘where »») is the mean vibration frequency of lattice ions, Kr, and Ki are both taken as 2kT, 
and the entropy of forming a pair of Frenkel defects, sr, may be written as 


0 0 
gp Oe ewer sein 7p Stn 22 3k In, 
Vv Vi 


OT Vi oe 


vy, v’, and wi’ being the frequency of anormal where u;, is a parameter independent of 


mode of vibration of lattice ions in the perfect 
crystal, that in the presence of a vacancy, 
| and that in the presence of an interstitial ion, 
' respectively. In Eq. (26), it is expected that 
' the first term is positive and the other terms 
| are negative. The values of sr found from 
| the conductivity data on AgCl and AgBr by 
| Teltow™ lead to an extraordinarily large 
difference between y and »’.!” Hence, we 
shall assume vo ~»i and neglect the last term 
in Eq. (25). We shall further assume that 
sx* may be approximately taken as a half of 
the vibration entropy of a pair of positive and 
| negative ions at normal sites, and 4u:,, may 
as the activation energy of the mobility wi,v: 


u, Mui,» 
wg few, : Dill 
Ui,o= T exp( RT ) , (27) 


temperature. 

Now we can compare the theoretical values. 
obtained from Eqs. (24) and (25) with the ex- 
perimental values as shown in Table II, where 
we use the values obtained from the data of 
Teltow! as follows; Ar=1.69(AgCl) and 1.27 
ev(AgBr), sr=1270 and 1020 x 10~* ev/°C, 4ui= 
0.19 and 0.19ev, and 4u=0.39 and 0.40 ev, 
two values being of AgCl and AgBr, respec- 
tively. 

Let us next consider the case of a-AgsX. 
The activation energy of the mobility, du, is. 
obtained from the conductivity data of Endo® 
with use of 


(28), 
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where o is the conductivity and o° is a para- 
meter independent of temperature. From this 
equation, the values of du in AgS, Ag»Se 
and Ag»Te are obtained as 0.093, 0.099 and 
0.137 ev, respectively. Assuming SP g 
the value obtained from Eq. (22) can be com- 
pared with the values obtained in §2, as 
shown in Table III. 

Further, the thermoelectric power of a-Agl 
has been measured as 560 wv/°C at 200~300°C 
by Reinhold under an arrangement: Ag(T.)| 
Agl|Ag(T2). The activation energy 4u is ob- 
tained as 0.101 ev from the data of Tubandt, 
et al.) with use of Eq. (28). Assuming 
s0°— 35%, the comparison between theory 
and experiment is also possible as shown in 
Table III. 

From Tables II and III, it is seen that the 
theory developed in the present section fits 
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Table II. The comparison between theory and 
experiment for the heat of transport in AgCl 
and AgBr. 

AgCl 
i ; 1 Qv*®*  duy 
h +Q;*+ @. *(ev) -(- v i) ) ro) 
| Exp. Theory Exp. Theory 

250 OF78e = 0283 1360 1420 
300 — ORGS O70 1480 1380 
350 OL Oso 1500 1360 

AgBr 
2 | a Bit 
hr+ Qi*+ Qv*(ev) “(= Q» ° 
BAOME Qe en) (Ee ee EO) 
Exp. Theory Exp. Theory 

175, 0.70 0.60 1380 1560 

250 0.58 0.53 1370 1480 


Table III. The comparison between theory and experiment for (Q;*/T—dy:/dT )/e 
(in pv/°C) in AgeS, AgeSe, AgeTe and Agl. 

k Ag.S | Ag,Se | Ag:Te Agl 

vi | Exp. Theory Exp. Theory Exp. Theory Exp. Theory 

200 780 860 | 800 920 990 1170 1110 960 

250 | 810 870 | 830 930 1000 1170 1140 970 

300 | 840 880 | 860 940 1020 1180 1170 990 
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Horner et al’s method of dielectric measurement at microwave region 
has been extended so that it can be applied for cylindrical specimens of 
arbitrary cross-sections with relatively high loss tangent and high per- 
mittivity. Small amount of Specimen is good enough for our method. 
As the first application of our method, dielectric constants of BaTiO; 
single crystal have been measured from room temperature to 170°C at 


a frequency of 3.3KMc/s. 


Above the Curie point, dielectric constants 


measured at 3.3KMc/s agree well with those measured at 24KMc/s by 
Benedict and Durand, while the loss tangents slightly above the Curie 
point are 0.01+0.007 in our case compared to 0.1 in the case of Bene- 


dict and Durand. 


Introduction 


$1. 

Investigations of dielectric properties of 
ferroelectrics at microwave region provide 
an information on the mechanism of ferro- 
electric phase transition, as well as on their 
usefulness in microwave circuits. That is, if 
a dielectric dispersion is observed in a single 
crystal at microwave region, it can be con- 
sidered as a strong evidence that the transi- 
tion is order-disorder type. Several workers 
measured microwave dielectric constants of 
ferroelectrics. Yager had found dielectric 
dispersion of Rochelle salt in microwave re- 
gion about ten years ago, and Akao et al” 
did very detailed investigation of this disper- 
sion. Very recently Nishioka and Takeuchi” 
have observed dielectric behaviour of (glycine)s 
H.SO:, at about 10 KMc/s, and found that 
dielectric anomaly at the Curie point still oc: 
curs in this region though the dielectric con- 
stant at room temperature is smaller than 
that of low frequency value. Several workers 
measured dielectric constants of ceramic Ba- 
TiO:, and found dispersions at microwave 
frequencies. But since phase transition in 
BaTiO; cannot be considered as order-disorder 
type” it was doubted whether single crystal 
exhibited the same dispersion in microwave 
region. Because of the difficulties in growing 
big single crystals and in measuring micro- 
wave dielectric constants of small specimens, 
this question had not been answered until the 
paper of Benedict and Durand.* They have 


shown that the dielectric constants at 24 KM- 
c/s are not so small compared to low fre- 
quency values as in ceramics though loss 
tangents are not very small. The present 
authors planned measurements of microwave 
dielectric constants of BaTiO; single crystal 
before the paper of Benedict and Durand ap- 
peared, and developed a method of measuring 
dielectric constants of small specimens. Al- 
though our results are almost the same as 
those of Benedict and Durand’s, it was thought 
worthwhile to publish our results by the fol- 
lowing reasons: (1) Our method is different 
from theirs, and it seems worthwhile to in- 
troduce our method and to compare our resuits 
to those of Benedict and Durand’s especially 
since we are intending to apply our method 
to other ferroelectrics. (2) Our frequency 
(3.3 KMc/s) is different from theirs (24 KMc/s) 
and our values of loss tangents were quite 
different from those reported by them. 

This paper is the first part of our reports 
on microwave measurements of ferroelectrics. 
In part II measurements on other ferroelect- 
rics will be reported. 


§2. Principle of Measurement 


Horner et al® studied the field of TMoio 
mode in a cylindrical cavity which has a cy- 
lindrical dielectric specimen placed coaxially 
in it. They assumed that the specimen has 
a small radius, low dielectric constant and 
negligible loss, and obtained the following ex- 
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pressions for the dielectric constant &’ and the 
loss factor tan 0; 


WE iF 
and 0.269 a/1 1 ) 
tan 0= ; 1 
= & B8\Q. Qi Se 


where a and 0 are radii of the cavity and the 
sample respectively, f/f is a resonant fre- 
quency of the cavity and 4f is the difference 
between a resonant frequency of the empty 
cavity and that of the cavity containing the 
specimen, respectively. 

The main purpose of this section is to prove 
that practically the same equation as Eq. (1) 
can be derived with less restrictions on shapes 
and properties of the dielectric specimen than 
those put by Horner et al, and show that the 
resonant cavity method is applicable also for 
ferroelectrics. Below, discussions will be made 
under the following assumption: the dielectric 
specimen is cylindrical, and placed parallel to 
the axis of the circularly cylindrical cavity, 
both ends of the cylindrical specimen being 
in contact with the cavity wall; cross-section 
of the specimen has a very small area, but 
may have any shape; real and imaginary parts 
of the dielectric constants of the specimen may 
be reasonably high as far as they are finite; 
the specimen may be dielectrically anisotropic, 
but one of the principal axes of dielectric 
tensor is parallel to the axis of the cavity. 
In the present section, discussions will be 
limited to TMoio mode. Of course, similar 
discussions can be applied to other modes, and 
we can also treat other shapes of specimens 
if we consider depolarization effects. However, 
these will lead us too far afield in this section. 

According to Bethe and Schwinger”, devia- 
tion of the cavity resonant frequency due to 
existence of an isotropic dielectric specimen 
is given by 


(u2—1) - A, dv 


US 


gyn (ED E Edo +| 


je | (E,-E,+H,-H,)dv 


(2) 
where f=f’+if’ is the complex resonant 
frequency, and 4f=f:—f2. Here and through- 
out the paper, subscripts 1 and 2 mean that 
the quantities are those of the empty cavity 
and those of the cavity containing a specimen, 
respectively. € and yw are complex dielectric 


E. NAKAMURA and J. FURUICHI 


(Vol. 15, 


constant and complex magnetic permeability, 


respectively. dv and | dv mean _ that 
Es 5 
the integrations should be carried out within | 


the specimen and within the cavity respective- | 
ly. Eq. (2) can be applied to any dielectric | 
specimen of any shape, and, as proved in Ap- | 
pendix, it holds also for anisotropic dielectrics — 
if we use a tensor dielectric constant. 

Due to our assumptions, the dielectric 
specimen has its side surface and its princi- — 
pal axis of dielectric tensor parallel to FE, in 
case of TMoio mode, therefore, no electric 
charge seems to be induced on its side surface. 
Since &: is parallel to #, for such a case, and 
j2=1, Eq. (2) can be rewritten as 


(Gu—D| EOE. dy 
fhe s es 
2 | (E,- Ey +H,-H2)dv 


Cc 


where is &20 is the principal dielectric constant 
along the cavity axis. 

If field distortion due to insertion of the 
specimen is negligible, H.2 may be approximat- 
ed by 


£,=AE; , ey 


where A is a scalar constant. In the present. | 
case Eq. (2) may hold approximately even in- § 
side the specimen owing to the boundary con- | 
ditions for #. This approximation may hold ) 
if |4f/f2| is very small, as shown by Spencer 
On this assumption Eq. (3) can be. 


et al®. 
rewritten as 
x1 | E\?dv y 
oo i ey 
shila | Evdv | 
"6 
Here use was made of the relation, | Edu 
ve 


-| Ay? dv. Using the cylindrical coordinates 
ve 


(ry, 8, z), the components of E, for the TMoio 
mode are given by 


Fp = tle =0 ’ 
Ez=JoRP) , 


where J.(kv) is the zeroth order Bessel func- 
tion, and k is the wave number constant. 
Using Eq. (6) and assuming that the specimen | 
is placed near the center axis of the cavity, | 
Eq. (5) becomes 


(6) | 
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f0=0.5300 +1 (7) 


Vs J2 

where ve and vs stand for volumes of the 
cavity and of the specimen, respectively. It 
should be mentioned here that there is no 
restrictions on the magnitude of dielectric 
constant and loss factor insofar as |df/f2| re- 
mains very small. According to Eq. (7), one 
can make |4f/f2| small by making vs small. 
The dielectric constant &:. and resonance fre- 
quencies f; and f2 are complex quantities by 
their definitions, and therefore, one can calcu- 
late the real dielectric constant &’2. and loss 
factor tand using Eq. (7). The results ob- 
tained are 


6’ = 0.539 224/44 | 
Us fe 4 


and (8) 


boats: 0.269 al lige ) 


E20 Vs O, 2O: 
These equations are identical with Eq. (1) if 
the specimen has a circular cross-section. 


§ 3. 

The block diagram of the microwave circuit 
is shown in Fig. 1. A klystron of 726A type 
was used as the oscillator. Sawtooth voltage 


Experimental Set-up and Specimens 


- was supplied to its reflector electrode for fre- 


quency modulation. The out put signals from 
the test cavity and the cavity wavemeter were 
fed to an oscilloscope. / and the Q-factor of 


. the test cavity were determined from patterns 


on the oscilloscope screen. 
The test cavity is 67.7 mm in diameter and 
5.3mm in height. Frequency deviation asso- 


| ciated with temperature change was —0.068 


ELECTRO- 
NIC SWITC! 


OSCILLO- 
SCOPE 


Fig. 1. Block diagram of the experimental set-up. 
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Table I. 
Sample Cross-section (cm?) |4f/folmaz 
1 (single crystal) IOS ql0s 0.043 
2 (single crystal) ISO S<lg=4 0.053 
3 (ceramics) 0.011 


0.96 x 10-4 


Mc/deg. The Q-factor of the empty cavity 
was about 500 and practically independent of 
temperature. 

Table I gives cross-sections and maximum 
frequency deviations for the samples used in 
our measurement. All the samples are cylindri- 
cal-shapes with square cross-sections. The 
single crystals were supplied by Bell Tele- 
phone Laboratory.* Ceramic samples which 
were used as a check of the method were 
supplied by Kobayashi Institute of Physical 
Research.** 

The crystals were cut by ultrasonic cutter* 
and then finished up by polishing with fine 
SiC powder. We tried to make the specimen 
a single domain crystal of which the long axis 
is parallel to the c-axis. However, small do- 
mains of which the c-axis are perpendicular 
to the long axis were observed at room tem- 
perature. 

In the case of high permittivity specimen, 
even a small gap is a source of large error. 
To avoid this error, we painted conductive 
plastics between the ends of the specimen 
and the cavity wall. 


§ 4. 


Measured dielectric constants are shown as 
a function of temperature in Fig. 2 in com- 
parison with Benedict and Durand’s results°. 
These values are calculated by Eq. (8). The 
data of the samples 1 and 2 agreed well with 
those of Benedict and Durand’s data above 
the Curie temperature. For ceramic sample 
(sample 3), the data are consistent with those 
of Powles and Jackson’s®). 


* * The authors are indebted to Dr. J. W. Ni- 
elsen and Mr. J. P. Remeika of Bell Telephone 
Laboratory, Dr. T. Mitsui of Laboratory for In- 
sulation Research of Massachusetts Institute of 
Technology and Dr. M. Marutake and Dr. Y. Toki- 
ta of Kobayashi Institute of Physical Research for 
supplying samples. 

*&* The authors wish to thank Dr. N. Sakamoto 
of Electrotechnical Laboratory and Dr. S. Kawaji 
of Gakushuin University for their kindness for 


cutting crystals by ultrasonic cutter. 
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Below the Curie temperature our results are 
quite different from those of Benedict and 
Durand’s. This seems to come from differ- 
ences in domain structure as will be discussed 
in the next section. 

Dielectric loss could be measured with relia- 
ble accuracy only above the Curie point. The 
results are shown in Fig. 3. 


sample | 


sample 2 
Benedict & Durand 
sample 3 (Ceramics) 


00 120 140 160 180 
temperature (°C) 


ie) =A gee 
20 40 60 80 


Fig. 2. e’ vs temperature. 
tan 8 
@ 24 KMc/s 
0.35 (Benedict & Durand) 
Se O 3.3 KMc/s 
(Ours) 
030 
025) 
Sed 
oS 
oo} 
©05 
O 
130 140 15 160 
temperature (°C) 
Fig. 3. tand vs temperature. 


The difference between our results and those 
of Benedict and Durand is more than experi- 
mental error, +0.007. As Table 1 shows the 
sample 3 (ceramics) is smaller than samples 1 
and 2 in cross-section, but tanéd of the cera- 
mics was too high to be measured even for 
this small specimen. 
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§5. Discussion 


1) Above the Curie temperature. 

Figs. 2 and 3, show that the BaTiO: single 
crystal does not exhibit dielectric dispersion 
up to 3 KMc/s region above the Curie temper- 
ature. Using ceramic samples, Powles and 
Jackson and others®) observed decrease of & | 
and increase of tan 6 with increasing frequency | 
even above the Curie point, though that dis- 
persion was smaller above the Curie point than 
below the Curie point. According to their © 
results, tan d at 10 KMc/s and at 1.5 Mc/s are 
about 10-! and 10-’, respectively. The former 
value agrees with those which have been ob- 
tained by Benedict and Durand at 24KMc/s | 
for single crystals. Of course, the value of 
tan d=0.1 at microwave region is too large tc 
be attributed to conductivity. Then, it can be 
considered that dielectric dispersion occur neai 
24 KMc/s in the single crystal. And discrepan- 
cy of tand between our result and Benedict 
and Durand’s suggests that ionic resonance 
absorption frequency which appears in infrared 
region in ordinary ionic crystals is shifted to | 
millimeter wave region in BaTiO:, at tempe- 
rature slightly above the Curie point, as Lan- | 
dauer!” showed theoretically. 


2) Below the Curie temperature. 

Since our samples are multi-domain crystals I 
our results may differ from the results on the | 
single domain crystals below the Curie tem- 
perature. On the single domain crystals, as 
Benedict and Durand have shown, tané is | 
approximately the same above and below the | 
Curie point except for temperatures close to | 
the Curie point where tand is large. Large | 
dielectric loss observed below the Curie point | 
in our measurement, though it could not be | 
measured quantitatively, suggests the exist- | 
ence of some mechanism of dielectric dis: | 
persion due to multi-domain structure, which) 
could also be the origin of the dispersion in } 
ceramics. } 

As shown in Fig. 2, the sample 1 has a re- i 
gion where 0&’/0T is negative. No definite | 
interpretation is given for this fact, but one: 
possible explanation seems to be that a ten-. 
sion, which was originated from the difference || 
of expansion coefficients between cavity materi- | 
al and BaTiOs, forced the c-axis of small| 
domains to .reorientate parallel to the field! 
direction. 
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Appendix 


We will show here that Eq. (2) is applicable 
for a specimen having anisotropic dielectric 


constant, by using Slater’s normal mode 
method!” . 
From the Maxwell’s equations 
curl FE, =—io, (A 1) 
and curl M,=20; E; (A 2) 


following wave equations hold in the cavity 1, 


yekEit+k.k:=0 s 


(A 3) 
Hi +kiM=0. 


and 


curl A. = >; Bul 


v 
c 
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curl H2-Eyi*dv= >, x, | 
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To each eigen value k; corresponds solutions 
of Hi; and My. It is easy to show that sets 
of solutions (Fu,---, Bu,---) and (Miu,-:: 
f,;---) form complete systems of orthogonal 
functions. The fields #;; and Mi; are the field 
of zth mode. 

In cavity 2, the Maxwell’s equations become 
as 


curl Hy=ia> & EF, 
curl B,=—ias. L2 H, 


(A 4) 
(A 5) 
where &2 is a tensor, in general, and expressed 
by a matrix (€;x) (7, R=1,2,3). Expanding the 
left hand side of (A 4) with Fu, 


and 


iw; Hp Hitdv+| div (Hz Buta | ? 


ei c 


v 
c 


where Fi;* is the complex conjugate of Hi; , and so on. From the boundary conditions, 


| div (Hz « But) dv=| 


c 


s 


where S is surface of the cavity and n is a normal unit vector. 


HH « Bu*)ds=| (Eu*xn)ds~0 


Expanding the right hand 


side of (A 4) with Fi; and comparing coefficients of Fu: , following relation can be derived 


M1 | A,- Aii*dv= on 


¢c ¢ 


where £2,; is a component of the vector #2, and so on. 


with Hii gives 


(EBs) Butdv=o) 


» py € jx L253: Eut,x*dv , (A 6) 
Fle 


Or 


Similary, development of (A 5) 


Ww | Ey Eui*dv =w:| peo, Hyi* dv , (A 7) 
Ve Ve 
where | E.:*-(nx E:)ds~0 is used. Then, from (A 6) and (A 7) 
$s 
| BS VEn Bes Bune dv+ | eH Hii*dv 
or Joe JI Ve ud % 
We | But Bsdo+| HA,;*- Hp dv 
Ve Ve 
therefore 
| [33S eaBs Bine Be Ba dv+\ (EHH a 
Oi wy BY 11S vale = (A 8) 
se \ (Bui*-E2+ Hu* : He) dv 


100 
because :=/2=1 in the cavity 2 except in vs. If we introduce the unit matrix -( 010 , 


(A 8) can be written as 


W1— We M 


ie {(€s—1) Ex} Eu* av+| 


001 


Us 


(42-1) He Hii* dv 


or \ (Euc*-Ee+ Hit He) dv 
Yo 


, 
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Theory of Resistance Minimum in Dilute Paramagnetic Alloys 


By Kensuke TANI* 
Department of Physics, Faculty of Science, Osaka University, Osaka 
(Received May 18, 1960) 


We have calculated the electrical resistance of dilute paramagnetic alloys 
from the standpoint of seeing if the resistance minimum could arise from 
the short range order of the spins of the solute atoms. 


In order that the resistivity minimum ap- 
pears it is found that (i) the magnetic ion 
pairs which make the dominant contribution 
must be those ferromagnetically coupled and 
the scattering due to them must be dominantly 
elastic, and (ii) the functional form of the 
exchange integral /(v) must be similar to that 
of the radial distribution of the 3d electrons. 

A difficulty in the present interpretation is 
that the temperature at which the resistance 
minimum occurs is about ten times higher 
than that of experiments. 

In the October 1 issue of the Physical Reivew 
Letters, Brailsford and Overhauser’) published 
a paper with the same title as above. The 


* Now at the Research Institute for Fundamental 


Physics, Kyoto University, Kyoto. 


present author has independently performed** | 
a similar calculation from the same standpoint | 
in order to see if the resistance minimum | 
could arise from the short range order of the | 
spins of the solute paramagnetic atoms. | 

The paramagnetic atoms are here assumed 
to have spins of magnitude of 1/2, and the 
neighbouring atoms are assumed to couple 
each other either ferromagnetically or antifer- | 
romagnetically. (Brailsford and Overhauser | 
assumed spins of arbitrary magnitude, but | 
considered only the case of ferromagnetic 
coupling). We take a pair of paramagnetic | 
atoms at positions Ri and R:2 (R:—R:=R) | 


** Read before the 14th Annual Meeting of “the | 


Physical Society of Japan held at Hiroshima, Oc- 
tober 8-12, 1959. | 
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which interact with the Hamiltonian: 

Hy = —23(R)S1-S2 (Si 93—"/2)). (lc) 
The scattering potential for a conduction 
electron due to this pair may be written as?): 


ii —N" 2 (VR ESn KK) ek ® Rng a 
nkk 


hk’) kty 
<No Eck jel R(a* a Sutta* a Sp 
nkk’ k’| kt kk 


(5) 

Making use of these two assumptions (1) 

and (2), the temperature-dependent part of the 
resistivity was calculated, obtaining 


3/2 
‘ B® (3) 


(1 fom ee | : 2 
B=|-5>( Fimnmaticage” sind/2)| al 


sin(2kr Rsind/2) | 


—cos #) sin @ x13A-1e78/| 1 
cos @) sin 0x 3A i T 2krRsind/2 
sin (2keR sin 6/2) i) 


i 
| 
5 QeIB/2 
PA eee 1 
hi aah 2k R sin 6/2 f 


dé , 


with A=3e78/2+4e-%48/2 and B=1/kT, V being 


a0 Ome OOmO mmOO MNOS 


of 03 02 O1 0 


Fig. 1. Temperature dependences of elastic factor 
A-'etP/2 are given by curve (i) for J>0O and 
curve (ii) for J>0. Curve (iii) and (iv) draw 
the temperature dependence of inelastic factor 
A-! 2eFe/2/(¢27841) for J>0 and J>0, respecti- 
vely. 


Table I. Values of the integrals (4) divided by J,?. 
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the volume of the sample and @ the scattering 
angle. 

The first term in the curly brackets in B 
comes from the elastic scattering by the triplet 
state, while the second term corresponds to 
inelastic scattering associated with the transi- 
tion between the triplet and singlet states. 
The temperature dependence of the elastic 
term is given through the factorA— exp (/p/2), 
and its explicit form is shown in Fig. 1 by 
the increasing difficulty for them to lose their 
curve (i) for the case of ferromagnetic coupling 
(J>0) and by curve (ii) for the case of antifer- 
romagnetic coupling (/>0), the abscissa being 
x=Jp/2. On the other hand, the temperature 
dependence of the inelastic term is due to the 
factor A-! exp (/B/2)/[exp (2/8)+1], and it is 
shown by curve (iii) for />0 and by curve 
(iv) for J/<0. The physical interpretation of 
these behaviours is as follows. 

Curve (i): the population of the triplet state 
increases monotonously with lowering tem- 
perature, thus 1/4-1/3 as B=0-~. 

Curve (i): the population of the triplet state 
decreases monotonously as the temperature is 
lowered, thus 1/4-0 as B=0>0. 

In curves (iii) and (iv), the decrease of the 
resistivity at low temperatures comes from 
the fact that the population of the upper level 
decreases and therefore the inelastic scattering 
occurs mainly by exciting the pair, the con- 
duction electron giving its energy. However, 
this is difficult because of the increasing de- 
generacy of the conduction electrons and thus 
energy. The second in each of the solid 
brackets in B represents the interference effect 
between the scattering by one of the paired 
paramagnetic atoms and that by the other. 
Contributions to the resistivity of these inter- 
ference terms depend sensitively on the func- 
tional of /(2ke sin 6/2). 

The integrals 


a and b are chosen to be (0.093A)-! and (0.51A)-1, 


respectively, which have been determined to represent approximately the radial distribution function 


of the 3d electron cloud of Mntr. 


J (n)= JyI(r) Jor exp (—ar) Jy exp (—b2r?) 
; on Biastic ercae elastic inelastic elastic inelastic 
Run 6.42 BS) 12.69 1.18 3.10 ally 
6.26 4.79 | nearly the same as above | 3.44 2.64 


Ron. 


c®) In this calculation we neglect 3 compared with Er, 
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| Jobe sin (21 coe 8) eine 
sin (2krR sin 9/2) 


ee 9 
x| 1s 2kheR sin 0/2 |e 


have been calculated for /(7v) of the three 
types as shown in Table I, where are shown 
their numerical values for the nearest neigh- 
bour distance R=Ryn, and the second neigh- 
bour distance R=R2n. for the f.c.c. lattice. 

If we know, for instance, the concentration 
of the Mn atoms in Cu, we can calculate the 
concentration of the pairs of nearest neigh- 
bours, that the pairs of second neighbours, 
and soon. The resistivity of the Cu-Mn dilute 
alloy is then calculated as the sum of the 
contributions from these pairs. 

In order that the resistivity minimum ap- 
pears, curve (i) in Fig. 1 must make the 
dominant contribution to the resistivity, since 
the resistivity due to lattice vibrations, which 
has to be added, increases rapidly with in- 
creasing temperature. In other words, the 
pairs which make the dominant contribution 
must be those ferromagnetically coupled and 
the scattering due to them must be dominantly 
elastic. These conditions are satisfied if the 
n.n. pairs and 2.n. pairs are the main contri- 
butors and they are ferromagnetically coupled, 
and also the functional form of /(r) is similar 
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to that of the radial distribution of the 3d 
electrons (the second column in Table I). 

A difficulty in the present interpretation of 
the resistivity minimum is that it should occur 
at a high temperature of the order of J/k, 
while the observed temperature is only several 
times higher than the temperature of the re- 
sistivity maximum which corresponds to the 
Néel temperature of the interactining Mn 
atoms, the latter being expected to be at 


czJ/k (c=concentration, z=12) which is ~107? | 


J/k for c=10-*. However, in the lack of 
detailed theoretical knowledge of the Néel 
temperature of the dilute alloys at the present 
moment, this difficulty cannot be taken too 
seriously. 
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Direct Observation of Lattice Defects in Cold-worked High 


Manganese Steels by Means of Electron Microscopy* 


By Zenji NISHIYAMA and Ken-ichi Simizu 


Institute of Scientific and Industrial Research, Osaka University, 
Sakat, Osaka-fu, Japan 


(Received June 20, 1960) 


Thin foils have been made by electrolytic polishing from bulk speci- 


mens of cold-worked high manganese steel. 


They have been observed 


by electron microscopy with the object of studying lattice defects formed 


by cold-working. 


From the micrographs and the selected area electron 


diffraction patterns obtained it is concluded that on {111} planes of the 
austenite matrix very thin (<100A) plates of a hexagonal close-packed 
phase (€) are formed, which correspond to the origins of strain mark- 
ings formerly found on the etched surface by using the replica, and that 
ordinary stacking faults as found in 18-8 stainless steels are also present. 


Introduction 


aaP 


It is expected from the dislocation theory 
that in the face-centred cubic (FCC) metals 
stacking faults are easily formed in {111} 
planes by cold-working if the energy of the 
faults is small. Actually Hirsch et al." ob- 
served the interference fringes due to the 
stacking faults in cold-worked 18-8 stainless 
steels by means of transmission electron mi- 
croscopy. 

If the stacking fault is induced, every two- 
layers of (111) planes in the FCC phase a 
hexagonal close-packed (HCP) phase is formed. 
Such a phenomenon will easily occur for the 
alloy having an equilibrium diagram in which 
there is a HCP phase region close to the FCC 
phase region. High manganese (Had-field) 
steel as well as Cu-Si alloy will belong to 
such a category. 

As is well known, the high manganese steel 
is so much hardened by cold-working that it 
is very difficult to explain the reason only in 
terms of the ordinary work hardening. To 
clarify this fact a number of works” have 
been made, but the reason remains in question. 
In the preceding paper’, it was tried to solve 
this problem by investigating the nature of 
strain markings seen on the etched surface of 
the cold-worked specimen. The observation 
was made by electron microscopy using the 
replicas of the surface. From the results it 
was suggested that there would be a very 


af “This paper was read before the 9th Annual 
Meeting of the Physical Society of Japan held at 
Hiroshima University, in October, 1959. 


thin plate of HCP (€) phase passing through 
every strain marking. 

Thereafter the present writers succeeded in 
making thin foils of the steel for transmission 
electron microscopy, and so could test the 
former presumption, the result of which will 
be described in this paper dealing with the 
lattice defect produced by cold-working. 


§2. Experimental method 


For specimens a steel plate containing 0.97% 
C and 9.75% Mn was hot-forged to 1mm 
thick, and the surface layers on both sides 
were ground off to a thickness of 0.6mm. To 
austenitize the steel, it was solution-treated 
by heating for four hours at 1000°C in vacuum, 
followed by quenching into water. After it 
was electrolytically polished down to 0.3mm 
thick for removing the surface layers, it was 
beaten with a hammer to cold-work. Lastly 
the plate was again electrolytically polished 
down to a thin foil by Bollmann’s*) method 
using electrolyte 

Phosphoric acid AVOC- 

Chromic acid 100 gr. 
with the current of 1.5 Amp, 20 Volt at 70°C 
for the plate having an area of 2cm in dia- 
meter. 

It was subjected to direct observation by 
an electron microscope (JEM-5G) with 100 kV 
for Figs. 1, 2(a), 6, 7, 8 and with 80kV for 
Figs. 4, 5 (a). 


§ 3. Experimental results 


Fig. 1 is a transmission electron micrograph 
of an area in the specimen cold-worked. In 
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by electrolytic polishing 


from a beaten sheet of high manganese steel, showing parallel bands of e-phase. 


this photograph a number of dark parallel 
bands are seen, which appear to have been 
formed in {111} planes of the FCC matrix 
(white ground) by cold-working. To study 
the crystal structure of these bands, the se- 
lected area electron diffraction pattern was 
taken of the white-framed region. Fig. 2 (a) 
is the pattern taken, which is considered to 
consist mainly of reflections from the parallel 
bands, because the darkness of the bands in 
Fig. 1 indicates that they have made stronger 
Bragg reflections than from the matrix. The 
main spots appeared in this diffraction pattern 
constitute a distribution of hexagonal array 
somewhat deformed. The distances between 
these spots are as shown in Fig. 3: A=8.28 
mm, B=8.3lmm, C=7.25mm_ (equivalent 
camera length=430 mm). 

Let us first assume that the bands seen in 
Fig. 1 are due to parallel plates of &-phase 
occurred parallel to its basal plane (0001). 
When the plates are very thin, their reciprocal 
lattice points will elongate in the direction of 
c-axis. If so, their diffraction pattern will 
appear as the section of the reciprocal lattice 
(elongated in the c¢ direction) by a plane 
parallel to the foil. On this assumption and 
considering that AB direction (Fig. 3) was 
nearly parallel* to the bands in Fig. 1, we 
can calculate the orientation of the foil with 


o* The rotation of the pattern due to the change 
of current through the intermediate lens was taken 
into account. 


respect to the crystallographic axes of the &- 
phase plate using the distances between spots, 


Fig. 3. The result of the calculations** is 
H K vi 1b 

Gi) 0.201 02193" -==0:404 1 

or (ii) =—0.201 —0.193 0.404 1 


Assuming the orientation relationships be- 
tween HCP plate and FCC matrix to be Shoji- 
Nishiyama’s*®), we have the orientation*** of 
the foil referred to the FCC matrix axes to be 


h k l 
(1) 0.492 0.864 0.105 
or (ii) 0.482 0.110 0.869 


From these orientations, we expect the traces 
of (111);(111)) (11) totberatsG) 78a 29°13 
180°-41.8° or (ii) 79.8°, 180°-43.6°, 27.9° from 
(111) trace. Actually, of these traces, (111) 


** K=+(a/e)L 
XW 3{1—(A/B)?}/{(20+1)2(A/B)2—(p +2)2} 
Hence © 1BR i 
where 


V=O—1lse Vala eeee , 
o={(B/C—1}/{(A/C—1} 
In the calculations, the following values were used: 
a=3.574A for the matrix and a=2.522A, c—4.066A, 
c/a=1.612 for e-phase. These are estimated from 
the data given in the papers of reference (6) and 
(7). 


2K 


h=(1/4)3/2(a/e)L+(2/3)(H— K) , 

k=h+2K , l=h—2H, 

the hexagonal axes (HK-L) being taken parallel to 
[101], [110], [111] of the cubic axes, respectively. 
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(b) Matyix(o) + (1!) Twin (4) 
Etectyon beam ji (702) 


40/48 
(224) 
a 


-0.180 
(222) 
a 


~0.023 
(371) 
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+0137 
(400) 
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+0159 
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-0./68 -0009 


-0/54 5 
(13) (224) 
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(TI) 
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(d) Thin Cll) tween 
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Selected area electron diffraction pattern of the white-framed portion in Fig. 1. 


(b). Predicted pattern of FCC matrix and its twin produced in (111)rcc, the orientation of 


the specimen being assumed to be (102)rcc. 
(c). Predicted pattern of thin HCP produced in (111)rcc, the figures noted above the indeces 
indicating the distances of the non-elongated reciprocal lattice points from Ewald sphere 


in the direction of c-axis. 


(d). Predicted pattern of thin FCC twins produced in (11l)roc, the figures indicating the 
distances of the non-elongated reciprocal lattice points from Ewald sphere in the [111] 


direction. 


A C=725mm B 


Fig. 3. Diagrammatical illustration of the spot 
distances in Fig. 2(a) (equivalent camera length 
430 mm). 


trace is realized at the left upper corner of 
Fig. 1, and (111) trace is seen very weakly at 
the middle region shown by an arrow. Their 
observed trace angles 80°, 26° are fairly co- 


Tabie I. 


Angle between yj, \Jination of Width of 


(111) trace and : 
plates, calc. unit band 
other) traces) | (smallest), 
Calc. Obs. Angle Cosine obs. 
(111) trace 32.4° 0.844 360A 
(111) trace] 79.8° | 80° | 73:3° | 0.287 120A 
(117) trace] 27.9° | 26°) 80.8° | 0.160 <100A 


incident with the calculated ones of orientation 
(ii) (Table I). Moreover the observed widths 
of these traces are approximately proportional 
to the calculated cosine of the inclination of 
the plates of orientation (ii). These facts 
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justify the orientation (ii). 

Since this orientation is near (102)rcc de- 
viating only by 6.8°, spots due to the matrix 
will be also predicted to appear near the re- 
ciprocal lattice points on a plane parallel to 
(102) if the Bragg conditions are satisfied. 
These predicted positions, however, are only 
part of the observed spots as shown in Fig. 2 
(b), mark ©. While, &€-phase of orientation 
(ii) can interprete almost all the observed re- 
gular spots as the small elongation (0.02 A! 
at most) of the reciprocal lattice points on 
(1,1-1) plane, except four spots marked by 
arrows, aS shown in Fig. 2 (c). The latter 
four, however, can be interpreted as the large 
elongation of the reciprocal lattice points 
{11-2} which is about 0.24A-! apart from 
Ewald sphere in the c direction. Such a large 
amount of elongation may be allowable owing 
to very thin plates. 
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An alternative interpretation of the dark 
bands in Fig. 1 is that they are merely twins 
produced at {111} planes of the matrix. If 
so and if the orientation of the matrix is near 
(102), we predict the spots as shown by mark 
a in Fig. 2 (b), besides the spots of the 
matrix marked by ©. In this way some of 
the observed spots can be interpreted, but 
there still remain some spots ( x) unexplained*. 
But if we consider that the reciprocal lattice 


points of the thin twin plates are elongated | 


in the direction perpendicular to the twin 
plane, all the observed spots can be inter- 
preted, as shown in Fig, 2 (d), provided that 
the amount of the elongation reaches 0.24 A“. 


Thus the bands seen in Fig. 1 can be attributed © | 


to the thin plates of twins as well as of &- 
phase, so far as Figs. 1 and 2 (a) are con- 
cerned. 


Fig. 4 is a photograph of another region in 


Fig. 4. Transmission electron micrograph of a thin foil of beaten high manganese steel, 
showing a parallel-line structure of ¢-phase. 


the foil. Of the white-framed portion in this 
photograph a selected area electron diffraction 
pattern was taken, which is shown in Fig. 5 
(a). For analysis of this pattern, we assume 
the orientation of the matrix such that the 
foil plane is parallel to (011), since two sets 
of bands seen in Fig. 5 are both narrow and 
intersect with an angle of 71° which is almost 
equal to the angle (70°32’) between two of 
{111} planes. Then we expect the diffraction 


spots of the matrix at position, as shown by | 
mark (0) in Fig. 5 (b), (c) and (d), if they | 
Spots are found at those positions in | 
The other spots, | 


appear. 
the actual photograph (a). 
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junction spots may appear at positions unexplained. 


But such a possibility is very little, because the | 
bands in question are formed running through the | 
region near the selected area for electron diffraction. 


If there exists the periodic error due to the 
coherency between the matrix and the twins, the | 


| (a) (b) Matrix 
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Fig. 5(a). Selected area diffraction pattern of the white-framed portion in Fig. 5. 


(b), (c), (d) Predicted patterns, the orientation of the specimen being as-sumed to be (011)rcc.- 


Fig. 6. Transmission electron micrograph of a thin foil of beaten high manganese steel 
showing parallel fringes due to the stacking fault. 
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especially marked by 7, can be interpreted 
as due to HCP (&) phase in the bands but not 
due to twins. 

If the above interpretation is correct, the 
plates of € phase must be almost perpendicular 
to the foil, and the thickness of each plate 
can be directly estimated from the photograph. 
The estimated value is less than 100 A. From 
these thin plates it is expected that the HCP 
spots and the central spot are accompanied 
by streaks in the direction perpendicular to 
the bands, as actually observed in the hori- 
zontal direction. It is moreover noted that 


Fig. 7. Transmission electron micrograph of a thin foil of beaten high 
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the spots H—K+#3n (in hexagonal index) of 
the matrix are not accompanied by such 
streaks. This indicates that there are no 
stacking faults in the matrix of this region, 
although we cannot say so for the interior of 
the &-plate. 

Fig. 6 is a micrograph of another region in 
the specimen, where the degree of cold-work- 
ing may be different from those in Figs. 1 
and 4. In Fig. 6, many bands are also seen, 
each band consisting of a few lines of fringes 
which exhibit the reversal in intensity in the 
region where extinction contours (broad dark 


showing parallel fringes due to the stacking fault (S.F.) and no-reflecting bands of 


é-phase. 


Fig. 8. Transmission electron micrograph of a thin foil of beaten high manganese steel 
showing parallel fringes due to the stacking fault (S.F.) and reflecting bands of é-phase. 
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region running from right-bottom to left-top) 
are appeared. As in the case of the photo- 
graph given by Hirsch et al." in 18-8 stainless 
steel, the behaviors of these fringes indicate 
that each band is due to a stacking fault 
plane inclined to the foil. The short fringe 
seen here and there are due to dislocations 
which are just to begin to extend. In this 
figure there are also seen three bands inier- 
secting with the stacking fault fringes. From 
their behaviors it seems that they are rather 
due to HCP (&) plates as mentioned before. 

Fig. 7 is a photograph of another region, 
in which two kinds of bands are also seen: 
Fringes marked by S. F. are due to a stacking 
fault and white (no-reflecting) bands marked 
by & are due to € plates. 

Fig. 8 is another enlarged micrograph, in 
which various kinds of bent stacking faults 
having a stair-rod dislocation are clearly seen, 
and € phase regions which are reflecting look 
to consist of many thin plates. 


§ 4. Discussion 


As shown in the micrographs described above, 
there are present stacking faults in some 
regions but € plates in other regions. This 
inhomogenuity is caused by non-uniformity 
of the degree or rate of cold-working due to 
hand-hammering. Any way, from the experi- 
mental facts we recognize the formation of 
€ plates as well as stacking faults in {111} 
planes of FCC matrix. 

The & plate seems to be less than 100 A in 
thickness and of less amount than the matrix. 
The reason why the diffracton pattern of such 
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plates of less amount was seen is on the 
condition that the matrix did Bragg reflection 
less in intensity than € plates. And it is 
highly probable that this € plate corresponds 
to the origin of the strain markings revealed 
on the etched surface. By this means, it may 
be said that the present experiment confirmed 
the former presumption that the origin of 
the strain marking is the thin € plate but not 
the cluster of stacking faults as assumed in 
the case of Cu-Si alloy by C. S. Barrett®. 

From these facts it may be concluded that 
the enormous work-hardening of the high 
manganese steel is because of the formation 
of stacking faults and thin plates of &-phase. 

The authors wish to express their gratitute 
to Mr. A. Tanaka, the Faculty of Medicine, 
Osaka University, for his help to take electron 
micrographs. 
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Using the far-infrared spectrometer constructed recently in Osaka 
University, measurements of the optical absorption were made on the 
single crystal of NiO (Néel temperature=523°K) in the wave-length range 
of 210 to 385 microns and at temperatures 90° to 470°K. No magnetic 
field was applied. An absorption peak was clearly observed whose wave- 
length varied with temperature. With increasing temperature it shifted 
toward the longer wave-length side and at the same time the peak height 
diminished. At room temperature (291°K) the peak was at 293+5 microns 
(34.1+0.6cm~!) and the wave-length value extrapolated to absolute zero 
was 274 microns (36.5cm~‘). This absorption peak is attributed to the 
antiferromagnetic resonance of the mode in which the antiparallel sub- 
lattice magnetizations oscillate perpendicularly to the easy plane of 
magnetization, (111). The constant, K, of the anisotropy energy which 
constrains the sublattice magnetizations in the easy plane is calculated 
to be 4.96 x 108 erg/cc at O°K from the theoretical formula w= 
(ge/2me)(2K/x%,)'/2, assuming g=2.23. This can be compared with theo- 
retical value, 7.01108 erg/cc, based on the magnetic dipolar interaction 


between Ni++ ions, but the experimental value is smaller. 


$1. Introduction 

Since Nagamiya” and Kittel? initiated the 
theory of the antiferromagnetic resonance 
(AFMR), the microwave resonance experi- 
ments in centimeter and millimeter regions 
have been made on a number of antiferromag- 
netic materials, and it was found that the 
expermental results were essentially in good 
agreement with the theory. The microwave 
resonance experiments with moderate fields on 
CuCl: -2H20 (Tw =4.3°K) by Leiden Group” and 
on CuCl.-2H20 (Ty=4.7°K) and CuBr2-2H20 
(Tw=5° ~6.5°K) by Date?) could be _ inter- 
preted by the theory of Yosida® and Naga- 
miya® for orthorhombic crystal. For antifer- 
romagnetics having higher Néel temperature 
and hence larger exchange field, a very high 
frequency or a very high magnetic field is 
necessary to observe the AFMR. Johnson 
and Nethercot” measured the AFMR in MnF, 
(Tv=68°K) with short millimeter waves and 
Foner® used high pulse magnetic field to ob- 
serve AFMR in MnF, and Cr2O3 (Tw =308°K). 
An earlier experiment on Cr.O; by Dayhoff® 
using lower fields could not reveal the whole 
behavior of the resonance phenomenon. These 
experiments could be well interpreted by the 
theory of Nagamiya' and Keffer and Kittel!” 


for uniaxial crystal and gave valuable infor- 
mations about the temperature-dependent an- 
isotropy energy constant of these crystals. 

The technique of far-infrared spectroscopy 
should also be valuable for this study. In 
Berkeley, Tinkham'” has succeeded to meas- 
ure with a far-infrared spectrometer the 
AFMR in FeF2 (7w=79°K) which has a high 
crystalline field anisotropy energy. A far- 
infrared spectrometer!?) was constructed a 
few years ago in Osaka University by Prof. 
Yoshinaga, and by his courtesy the present 
author was able to study the AFMR in NiO 
(Tw=523°K). The range of wave-length stud- 
ied was 210 to 385 microns, since the theo- 
retical estimate of the resonance wavelength, 
based on the dipolar anisotropy energy con- 
stant, was 231 microns (43.3cm~) at 0°K. The 
resonance was detected, and the present paper 
will give the detailed account of our experi- 
mental procedure and theoretical interpretation 
of the results. 


§2. Theoretical Estimate of the Antiferro- 
magnetic Resonance Frequency 


The crystal structure of NiO is of the NaCl 
type with a slight rhombohedral deformation 
below the Néel temperature. Neutron diffrac- 
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tion experiments") .22).28) showed that the spin 
arrangement is of the Néel type, i.e., there 
are alternating (111) sheets of plus spins and 
minus spins, and that the spin axis is confined 
in the (111) plane. Since the Ni++ ions in the 
cubic crystalline field of NiO should possess 
an isotropic g-value, no crystalline field aniso- 
tropy energy can be expected, and the aniso- 
tropy energy in NiO should arise for the most 
part from the magnetic dipolar interaction 
among the Nit+ ions. This anisotropy energy 
can be expressed in the form 
U=(2/3)K(@B+Br+ra) , (Vp) 
where a, 8, and y are the direction cosines 
of the spin axis relative to the cubic principal 
axes. The constant K has been calculated by 
Kaplan and it is positive, so that the spin 
axis is to be confined in the (111) plane. For 
absolute zero, K is expressed in the form 


K=(3/2)(57.41)( gSus)'a~ , (2) 


(a is the lattice constant and S=1 for Nit+) 
and it is calculated to be 


K=7.01 x 108 erg/cc for NiO, (3) 


assuming g=2.23 and using @=4.17«10-' cm. 
This g-value was taken from Low’s") para- 
magnetic resonance measurement of the g- 
value of Ni++ in MgO. 

There are two modes of eigen-oscillation of 
the sublattice magnetizations. One is such 
that the antiparallel sublattice magnetizations 
oscillate with a large amplitude in the (111) 
plane and the net magnetization oscillates 
with a phase difference of z/2 in the direction 
perpendicular to the plane. The frequency 
of this oscillation in the absence of any ex- 
ternal field is proportional to the square root 
of the product between the molecular field 
constant, A, which is the reciprocal perpen- 
dicular susceptibility, and the small Gf any) 
anisotropy energy constant within the easy 
plane. The other mode is such that the large 
motion takes place perpendicularly to the easy 
plane and the small bending oscillation within 
the easy plane. This mode has a frequency 

o=(gel2mc)\(2AK)'/?=( ge/2mc)2K/X1)” , 

(4) 
where K is the anisotropy energy constant 
for the out-of-plane motion. 

With the use of the observed perpendicular 
susceptibility 7, =80.5 x 10-* emu/cc'®* and the 
value of K given by (3), we can estimate the 
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frequency of the second mode at absolute zero 
to be vo(theor.)=/27=43.3cm—, the corre- 
sponding wave-length being 231 microns. 

Since K arises from the dipolar interaction, 
it should vary with temperature proportionally 
to the square of the magnitude of the sub- 
lattice magnetizations if the temperature is 
sufficiently high. With the Brillouin function 
formula, the K value at room temperature is 
estimated to be by 21 percents less than that 
at absolute zero, and correspondingly the reso- 
nance wave-length at room temperature comes 
out at 259 microns (38.6 cm~—).** 

With these expectations, the author has 
carried out an absorption experiment on NiO 
crystal in the wave-length range of 210 to 
385 microns, varying the temperature from 
90Peto: 4707 Kea 


§3. Experimental 


NiO samples used in the present experiment 
were slabs cut from single crystals grown by 
the flame fusion method by Dr. Nakazumi2. 
Results given in Figs. 1-3 were obtained with 
slabs whose basal surfaces were parallel to 
(111). These samples were obtained by cut- 
ting and polishing the mother crystals into 
plates 1 to 2mm thick.**** This procedure 


* This value of X, was taken from Singer’s 
measurements on stress-annealed single crystal. It 
is the value at 523°K where there is the maximum 
of the specific heat and where the present author 
has found!?) the torque in magnetic field to vanish, 
i.e., the parallel and perpendicular susceptibilities 
to coincide with each other. The susceptibility 
has a maximum at 630°K and the maximum value 
is 88.7 emu/cc. 

**k The spin wave treatment shows that!®) at low 
temperatures K is proportional to the cube of the 
magnetization, and the resonance frequency!) is 
then not given by 2AK(T) but it is given by 
VY 2AK(T)-(M(0)/M(T))2, therefore the frequency 
is proportional to M(T). We assume here the 
classical molecular field picture. 

*«* Tt was not possible to detect the peak beyond 
430°K due to decreasing incident beam intensities 
for longer wave-lengths than 385 microns and 
diminishing peak height. 

*me This thickness was chosen as being smaller 
than the skin depth, which could be estimated from 
the conductivity measurements by Yamaka?!’ to be 
of the order of 30cm at room temperature and 
0.2cm at 440°K for wave-lengths of 300 microns. 
(The values of the resistivity are 510? ohm-cm at 
300°K and 2x 103 ohm-cm at 440°K), 
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was followed, since at first a measurement 
with a sample cleaved along a (100) plane 
gave only a faint absorption peak. Later we 
found that crystals cleaved along (100) gave 
as good results as crystals polished along 
(111); when both kinds of samples were an- 
nealed well at 1600°~1670°C in argon atomo- 
sphere, as Roth and Slack?” did, the crystals 
became much more perfect, but the position 
and shape of the absorption peak measured at 
room temperature remained the same. 

At room temperature, a single slab with an 
area of about 1.5cm? could be used, which 
was put close to the Golay detector’. For 
measurements at higher and lower tempera- 
tures, the sample had to be put at the entrance 
slit (maximum area=50 x20 mm’) which is far 
away from the detector, and therefore a large 
area was required for the sample to obtain a 
sufficient beam intensity at the detector. For 
this purpose, a plate of aluminium with a 
dozen holes was prepared and NiO slabs, all 
with (111) surfaces and with thickness of 1.5 
~1.7mm, were fitted inthem. Furthermore, 
to make a good thermal contact, two other 
plates of aluminium having smaller holes were 
pressed on it from the both sides. The total 
effective area of the crystals was then 9.3 
cm”. The beam was made to focus at the 
slit with an aperture of 6°. At room tem- 
perature, both samples gave the same main 
absorption peak, although some differences 
were found in the side peaks which appeared 
in some of the curves as seen in Figs. 1 and 
2. Temperature measurements of the sample 
were made with a copper-constantan thermo- 
couple whose one end was made to contact 
with a crystal which was mounted near the 
center of the aluminium plate. The tempera- 
ture difference between the crystals and the 
thermo-bath was estimated to be within 5° in 
thermally stationary state. 

The sample, the thermo-bath, and the optical 
system were all set in a vacuum tank and they 
were remote-controlled. Thermal radiation 
from the bath could be eliminated with the 
use of the technique of chopping the beam 
and detecting the corresponding alternating 
intensity’”. The resolution of the spectrum 
was about 10 microns in the neighborhood of 
300 microns. As the beam intensity fell 
rapidly above 375 microns, it was not possible 
to extend our measurements beyond 385 
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microns (26.0cm~*). 

Observations were made of the intensity, 
I’, in the presence of the sample and the 
intensity, J, in the absence of the crystal. 
The ratio /’/I gives the transmission rate. 
The plots of this ratio for different thickness 
of the sample and different temperature are 
given in Figs. 1 and 2. 


§4. Results 


Optical absorptions were all measured in 


the absence of external field. Measurements 
at room temperature (291°K) were made with 
single slabs of thickness 1.0mm, 1.3mm, and 
2.0mm. The corresponding values of the 
transmission rate, /’/J, are shown in Fig. 1. 


Wave length (+) 
300 


30 35 40 
Wave number (cm!) 


Fig. 1. Transmission rate, I’/J, through single 
slabs of thickness 1.0mm, 1.3mm, and 2.0mm 
at room temperature. Incident beam is perpen- 
dicular to the (111) surface of the crystal. 


These curves indicate clearly an absorption 
peak at 29345 microns (34.1+0.6cm-!) and 
show further that the absorption rate increases 
with increasing thickness. In order to check 
that this absorption peak is characteristic of 
NiO, a sample of CoO was examined in the 
neighborhood of this wave-length. No absorp- 
tion anomaly was found, however. 

Variation with temperature of the absorp- 
tion curve was studied with another kind of 
sample (having a dozen crystals) mentioned 
in the preceding section. The results are 
shown in Fig. 2. The frequency of the ab- 


sorption maximum shifts to smaller values | 


with increasing temperature, and these values 


are plotted in Fig. 3. As the incident beam | 


intensity decreased with decreasing frequency 


and the transmission rate decreased with in- | 
creasing temperature, no absorption peak was 


detectable beyond 430°K (the Néel tempera- 
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Fig. 2. Transmission rate, J’/J, through a sample having a dozen crystals, at various temperature. 
Incident beam is perpendicular to the (111) surfaces of the crystals. 
Fig. 3. Temperature dependence of the frequency of the absorption maximum. Experimental 


points are plotted from the data of Fig. 2. 


A thin curve is the Brillouin curve with S=1 and 


a dotted curve the variation of sublattice magnetizations with temperature obtained from 
the neutron diffraction experiment by Roth. These two curves are so normalized as to coincide 
with our experimental value of wave number at 0°K and at room temperature, respectively. 


ture is at 523°K). The wave number extra- 
polated in Fig. 3 to absolute zero is found to 
be 36.5cm-! (274 microns). 

From the formula (4), and with this absorp- 
tion frequency value at 0°K and the perpen- 
dicular susceptibility y:=80.5x10-* emu/cc, 
the value of the magnetic anisotropy con- 
stant, K(exp.), is calculated to be 4.96 10° 
erg/cc at 0°K. On the other hand, the value 
of the corresponding anisotropy energy due 
to the magnetic dipolar interaction between 
Nit+ ions, K(theor.), is given by (3), ie., 
7.01 10% erg/cc. This theoretical value of the 
anisotropy constant corresponds to an absorp- 
tion frequency of vo(theor.)=43.3 cm™'. (If the 
g-value were taken to be 2.00, one would 
have obtained K(exp.)=6.16x10* erg/cc and 
K (theor.)=5.64 x 108 erg/cc). 

Since K(theor.) should be proportional to 
the square of the magnitude of the sublattice 
magnetizations, if only dipolar anisotropy 


energy is taken into account, the temperature 
dependence of the resonance wave-number 
snould be theoretically given by the Brillouin 
curve with S=1. In Fig. 3 this theoretical 
curve is shown together with the experimental 
one. 


§5. Discussion 


We see from Fig. 3 that at absolute zero 
yo(exp.)=36.5cm 7! is smaller than vo(theor.)= 
43.3cm! and that the measured resonance 
wave number decreases with temperature 
more steeply near the Néel temperature than 
that predicted by the theory. The tempera- 
ture dependence of the sublattice magnetzai- 
tions has been measured by the neutron dif- 
fraction experiment by Roth") and it is also 
shown in Fig. 3 by a dotted curve, which was 
so normalized that it coincides with our reso- 
nance wave number curve at 291°K. It is 
seen that the behavior of this curve is more 
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similar to that of our resonance wave number 
curve. 

In the estimate of » (theor.), ambiguities 
are introduced by the use of the value of x1 
and the isotropic g-value. Roth and Slack’ 
have recently prepared a very good single 
crystal of NiO which contained untwinned 
domain to 98.7 percents, and they measured 
the magnetic anisotropy by the torque method. 
Combining their data with Singer’s measure- 
ments of the single crystal susceptibility, they 
estimated the value of y: to be 71.5x10~° 
emu/cc. This value is smaller by about 10 
percents than that used in the present paper 
which was based on Singer’s measurements 
alone. If this smaller value of x: is assumed, 
the discrepancy between »0(theor.) and vo(exp.) 
becomes even greater. As for the g-value, 
we have used that of Ni*+*+ in MgO, since the 
g-value of Nit+ in NiO is not known. The 
g-value comes into the frequency formula by 
a factor g*, so that a small change in g can 
influence »(theor.) rather drastically. 

The difference between vo(theor.) and vo(exp.), 
as well as the difference in the temperature 
dependence of the resonance wave number, 
could partly be due to the contribution of the 
crystalline field anisotropy energy. However, 
the value of the latter expected from rhombo- 
hedral deformation of the order of 0.1 per- 
cents should be very small. 


Interaction between different antiferromag- 
netic domains may also give rise to a shift 
in the resonance frequency. However, we 
have observed in specimens annealed at 1670° 
Cin argon atomosphere the same wave 
number for the absorption peak at room tem- 
perature. The origin of the discrepancy is 
therefore not clear at the present moment. 

It was found that the temperature depend- 
ence of the line width of the absorption peak 
differs from that of the AFMR in other anti- 
ferromagnetic materials hitherto investigated: 
(1) the line width is much broader than that 
of MnF: or CuCl:-2H2O0 at the same reduced 
temperature 7/Ty, and (2) the line width 
changes little with temperature and only the 
height of the absorption peak decreases with 
increasing temperature. In vergin NiO crys- 
tals prepared by the flame fusion method, we 
observed a number of small twin domains of 
a dimension of ~10 microns, but in crystals 
annealed at 1670°C in argon atmosphere and 
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then cooled slowly to room temperature, we 
may have large domains. For both these 
samples we observed the same line width and 
the same position of the absorption peak. 


Therefore the twin domains may be little | 


responsible for the line width. Roth and 
Slack?) observed that the line intensities of 
the neutron diffraction pattern for a twinless 
NiO crystal changed with the intensity of the 
external field, and from this result, together 
with his result of the torque measurements, 
they concluded that in low fields NiO may 
consist of small antiferromagnetic domains 
with random distribution of the axis of mag- 
netization. These antiferromagnetic domains 
may give rise to a fluctuation of the molecular 
field for individual spins and may broaden 
and shift the absorption peak. The anisotropy 
field will also fluctuate and produce a similar 
effect. Furthermore, motion of the domain 
walls and demagnetizing field from free poles 
produced at the walls due to different preces- 
sions in different domains may also have 
some effect. If these were the origin of the 
line width (and a possible line shift), we 
could expect that the absorption line becomes 
sharper by application of a high field. How- 
ever, we have done no such experiment. 
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Magnetostriction constants, 20 and aii, of nickel-chromium and 
nickel-vanadium alloys were measured at room and liquid nitrogen tem- 
peratures by a strain gauge method. Both constants were negative and 
their magnitudes decreased monotonically with increasing the composition 
of adding elements. Magnetocrystalline anisotropy constants were also 
measured at the same temperatures. The concentration dependence of 
the anisotropy constants was more drastic than that of the magnetostric- 
tion constants. 

The present data and other available data of nickel binary alloys were 
analysed on the basis of Néel’s theory and the coefficients of dipole-dipole 
and quadrupole-quadrupole interactions of atom pairs in nickel alloys 
were estimated. The dipole-dipole interactions of Ni-M (where M=V, 
Cr, Mn, Fe, Co, Ni and Cu) atom pairs were fairly well explained under 
the assumption of the spin-orbit interaction. 


$1. Introduction 

It is well known that the magnetostriction 
constants are closely related with the dipole- 
dipole interaction between magnetic atoms and 
its dependence on the lattice spacing. L. Néel” 
showed this relation ina phenomenological way 


in connection with the theory of magnetic 
annealing. The purpose of the present in- 
vestigation is to determine the coefficient of 
dipole-dipole interaction between various sorts 
of magnetic atoms by using the magnetostric- 
tion constants measured by various investiga- 
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tors. Unfortunately we could not find out 
the experimental data on Ni-Cr and Ni-V 
alloys, so we measured these constants at room 
and liquid nitrogen temperatures. Crystal an- 
isotropy constants were also measured at the 
same temperatures and a phenomenological 
quadrupole-quadrupole interaction coefficient 
was determined for various atom paris®)~®. 


§2. Specimens and Experimental Procedure 


Specimens used in this experiment were 
prepared by melting electrolytic nickel and 
chromium, and high-purity vanadium in a 
high vacuum induction furnace. Large cry- 
stals were obtained by solidifying the alloy 
slowly ina crucible. These crystals were cut 
into disk plates parallel to (110). The size of 
the specimen was 8~15mm in diameter and 
0.3~1mm in thickness. The compositions of 
Ni-Cr crystals are 0, 1.47, 2.52 and 4.08 at. 
% chromium and those of Ni-V crystals are 
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1.28 2.95 and 3.93 at.% vanadium. In advance 
to the measurement, all specimens were an- 
nealed for 2 hours at 1300°C and quenched 
from 700°C to secure the disorder state. 
Measurement of the magnetostriction con- 
stants was carried out by means of strain gauge 
technique, using the apparatus as shown in 
Fig. 1. Strain gauges were placed on the 
crystals in both [001] and [111] crystallographic 
directions. The change in the electric re- 
sistace of the strain gauge was measured by an 
ordinary Wheatstone bridge. An unbalanced 


current was measured by a galvanometer 
directly. The strain sensitivity was the order 
of 0.65 x10-* per 1mm deflection of the scale. 
Magnetostricton was plotted against the direc- 
tion of the field at every 5° from 0 to 180°. 
The angle 9 is always measured from [001] 
direction. 


Compressed 
Air 


~< Compressed 
Air 


Fig. 1. Measuring apparatus of magnetostriction. 
A: leveling device, B: leads of strain gause and 
thermocouple, C: cork, D: dewar vessel, E: 
liquid nitrogen, F: hollow copper case, G: 
specimen holder, H: thermocouple, I: copper 
disk with dummy gauge, S: specimen with 
active gauge, J: copper thermoresistance, P: 
pole piece. 


Nie, Be 
light source, C: elastic string, D: mirror, E: 
leveling device, F: wooden table, G: two com- 


Torque magnetometer. A: scale, B: 


bined air-flow bearings, H: leads of thermo- 
couple, I: cork, J: dewar vessel, K: porcelain 
tube, L: liquid nitrogen, M: specimen holder, 
S: specimen, P: pole piece. 
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Measurement of the anisotropy constant was 
carried out by means of the torque magneto- 
meter as shown in Fig. 2. This apparatus is 
characterized by a pair of two air-flow bearings, 
almost the same as used by R. F. Penoyer®, 
which enable the frictionless rotation of speci- 
men holder about the vertical axis. 

The intensity of the magnetic field is about 
8000 ce, which is strong enough to saturate the 
specimen, at room and liquid nitrogen tem- 
peratures. 


§3. 


One of the results of magnetostriction me- 


asurement in the [001] and [111] direction in 


Experimental Results 


x10 & 
2 39 + 5558 
2 : 
3 20 
S Calculated curve 
S Mog=—!9.1x10°& 
2) 
e 
ee Khe) ele be eGo COGOS 
a oo? . 
oO oF > 
3 © Calculated curve 
P0000 OP A= - 65X10 ® 
ao 30 60 90 120 150 180° 
ANGLE @ —> 
Fig. 3. Magnetostriction measured in the [001] 


and [11]] directions as a function of angle @ in 
(110) plane of 3.93 atomic-percent V-Ni crystal. 


A: strain gauge parallel to [001], B: strain 
gauge parallel to [{1]]. 
Table I. The experimental values of 
Aioo and Ay. 
eee a 3000 K | To cts 
Wa 26) ee ella sc h.08 Aaa X 108 roo X 108 diss X 10° 
Ni =5518-—29.5,| =—58_| —-37 
1.47% Cr-Ni | —44.6| —19.6 —46 | —26 
2.52% Cr-Ni ee Bio = 48 | 9 
20822 CrINi — | 2086.) = 79x). 4352) os17 
128% VoNi | 2 48-0-}- 421.0 | —51 | —29 
2.95% V-Ni "29.6 |'—13.4 |" —39 | =22 
3.93% V-Ni | —19.1}— 6.5) —34 | 15 


(110) plane is shown in Fig. 3 as a function 
of 0. These curves were analyzed by assum- 
ing the two-constants expression 

L 

1= hoo (ater tartBittastBet——, ) 
+3A111(@102 8182+ A2a38283+ a3018381), Gib) 
where 2 is the spontaneous saturation magne- 
tostriction, ai, @ and a@s are the direction 
cosines of the spontaneous magnetization fi, 
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82 and $s are those of the direction of measure- 
ment with respect to the crystal axes. This 
formula well expresses the experiment as 
shown by the solid curves in Fig. 3. The 
values of the magnetostriction constants thus 
obtained are tabulated in Table I, and are 
also plotted as a function of the alloy com- 
position in Figs. 4 and 5 for Ni-Cr and Ni-V 
alloys respectively. In both cases the obtained 
curves are similar in shape and Zio and Ain 
are negative values for any chromium or 
vanadium content and their absolute values 


Cr CONTENT IN Ni (at %) 


o-—-at 300°K 
a-—at 77°K 


Fig. 4. Concentration dependence of the magneto- 
striction constants of Ni-Cr alloys. Solid curves 
are the quadratic functions of atomic concen- 
tration of Cr. 


V CONTENT IN Ni (at. %) 


MAGNETOSTRICTION > 


Fig. 5. Concentration dependence of the magneto- 
striction constants of Ni-V alloys. Solid curves 
are the quadratic functions of atomic concen- 
tration of V. 


xe dyne-cm /cc 


20, T r 
t O Calculated ae 
; =-2.8 xiQrerg/cc 
3 2 fecha >> 
fe] OY 
5. 
2-100!) : 
aS 30 0 90 120 160 180° 
ANGLE @ —> 


Fig. 6. Torque curve for (110) plane of 3.93 
atomic-percent V-Ni crystal measured at 300°K., 
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decrease monotonically with increasing con- 
centration. At liquid nitrogen temperature, 
both constants were increased in their absolute 
values, though the general feature of the 
curves was not changed. 

One of the torque curves is shown in Fig. 
6. The values of the anisotropy constant Ki 
were calculated by the Fourier analysis. The 
values of A: thus obtained are tabulated in 
Table. II, and are also graphically shown in 
Figs. 7 and 8 as a function of the alloy com- 
position. The anisotropy constant Ki of Ni-Cr 
or Ni-V alloys remains negative for any chro- 
mium or vanadium content, and fades out much 
more rapidly with increasing chromium or 
vanadium content than the intensity of ma- 
gnetization does. It is interesting to note that 
the concentration dependence of Ki of Ni-Cr 
alloys is more drastic than that of Ni-V alloys, 
whereas its saturation magnetization decreased 

Table II. The experimental values of crystal 

anisotropy constants. 


K, (x 104 erg/cc) 


Specimen = 
orale’ 3000 K 77K 
Ni —4.9 _73 
1.47% Cr-Ni =i} _27 
2.52% Cr-Ni ~0.38 ~17 
4.08% Cr-Ni 0 Eas 
1.28% V-Ni 2.4 36 
2.95% V-Ni ~0.73 118 
3.93% V-Ni —0.28 ~73 


Cr,V CONTENT IN Ni (at %) 


Fig. 7. Concentration dependence of the crystal 
anisotropy constants of Ni-Cr and Ni-V alloys 
measured at 300°K. Solid curves are the quad- 
ratic functions of atomic concentration of Cr 
and V, respectively. 
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Cr, V CONTENT IN Ni (at %) 
2 3 4 5 6 


4 
xlOe 
0 


CRYSTAL ANISOTROPY Ki 


Fig. 8. Concentration dependence of the crystal 
anisotropy constants of Ni-Cr and Ni-V alloys 
measured at 77°K. 


more slowly with concentration than that of 
Ni-V alloys’. 


§4. Analysis of the Experimental Results 


Magnetostriction is the phenomenon that the 
crystal lattice is deformed by the interaction 
of atomic magnetic moments. According to 
L. Néel”, the energy due to interaction between 
neighboring atoms should be a function of the 
distance between the two atoms and also of 
the angle g between magnetization and pair 
direction, so that it can be expressed by the 
Legendre polynomials. 


w=gt( L+mr) (cose) 


6 3 
+(q+séd (O—— COMO aoa a0 oO, (C2 
(a sar) (cos'g Aas =a) (2) 


where g is the isotropic interaction such as 
exchange interaction, / and g are the coefficient 
of dipole-dipole and quadrupole-quadrupole in- 
teraction respectively, m and s are the dif- 
ferential coefficients of / and g with respect 
to ry and Or is the variation of the distance 7. 
Starting from the formula (2), Néel culculated 
the magnetostriction constants and obtained 
for face-centered cubic crystal 


N 
A pss SAT 6 
00 22VC, (6l+mro) , 
nN 


36VC3 


(3) 


Au —— (21+ mro) 5 
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where 7 is the number of the nearest neigh- 
bors, N the Avogadro number, V the atomic 
volume, Cz and Cs the elastic constants, and 
ro the distance between the nearest neighbors 
for undeformed lattice. From these relations, 
we can solve / and m, thus 


1 
BN = 2 (Chin 202A) * 

| (4 
MINIT — 9 (2CsRivo—3Cahn) 


Now in the case of the alloy, interaction 
between the atoms should be different for 
different pair of atoms, so that / and m for AA, 
BB and AB pairs should be denoted by Jaa, 
maa, lpg, Mpp and Jap, Map respectively. In 
the case of disordered state, the number of 
each kind of pairs is proportional to C,?, Cp? 
2CaCp, where C, and Cp are the concentration 
of A and B atoms, so the average value of / 
and m should be given by 
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L=IyaCg?+2lypCaCg+lppCp? , (5) 
mM=MpaCa?+2mapCaCp+mppCp? . (6) 


Since Zoo and A111 are expressed as a linear 
function of J and m as shown in (3), they 
should also depend upon the atomic concentra- 
tion in the same way as (5) or (6). In other 
words, 4 versus Cp curves are expected to be 
parabolic. This is actually the case for most 
of ferromagnetic alloys. 

Figs. 4 and 5 show the concentration depen- 
dence of magnetostriction constants measured 
for Ni-Cr and Ni-V alloys, just fitted by 
quadratic functions by adjusting the para- 
meters. Using the values of the parameters 
and V=6.55cc, C:=0.45 x10! dyne/cm? and 
C3=1.185 x10!2 dyne/cm?, which are observed 
for nickel, we can calculate the values of / 
and m for Ni-Ni, Ni-V and V-V pairs. The 
values are tabulated in Table III together with 
the values for other nickel alloys. 


Table III. Coefficient of the dipole-dipole interaction and its differential coefficient with 
respect to 7 of each atom pair in various face-centered cubic nickel alloys. 
A-B Nlaa | Nlas Nlzps Nmaaro Nmazro Nmppro 
0.73 x 108 0.54 108 —193 x 108 5.4x 108 —73 x 108 965 x 108 
Ni-V erg/mol erg/mol erg/mol erg/mol erg/mol erg/mol 
OAS 4.5% —116* pettiss —75* (O* 
Ni-Cr 0.79 0.90 —167 yy —76 11010 
0.47* eye — 74* os —68* 611* 
Ni-Mn 1.0 —3.7 4.3 —14 43 
Ni-Fe 0.8** —3.8** 12** 4.6** —7.3%** — 28** 
Ni-Co Le) —6.9 — li Hel 28 17 
Ni-Cu 14 0.23 paisa. 3.0 —5.5 9.9 


(*; at 77°K, **: after L. Néel!)) 


The crystalline anisotropy constant Ai can 
be related to the third term of (2), as shown 
by Néel, thus 


Ret a), (7) 


V 
Since there is a possibility that dipole-dipole 
interaction can gives rise to the cubic ani- 
stropy!”, the value of g thus obtained from 
K, should involve both of the dipole and 
quadrupole interaction terms. 

Fig. 6 shows the torque curve measured for 
(110) plane of 3.93 at.% V-Ni at 300°K. The 
concentration depence of Ki is also fitted by 
quadratic function of atomic concentration as 
shown in Fig. 7. The values of g thus de- 
termined for various atom pairs are tabulated 
& Table IV. 


Table IV. Coefficient of quadrupole-quadrupole 
interaction of each atom pair in various face 
centered cubic nickel alloys. 


A-B Nqdaa Naas Nags 
Ni-V —0.32x108| 7.4x106 —183 x 106 
erg/mol erg/mol _—_erg/mol 
Ni-Cr —0.31 9.6 —280 
Ni-Mn —0.28 2.9 — 26 
Ni-Fe | —0.33 | 0.58 | —0.49 
Ni-Co —0.20 ( A@ —5.0 
Ni-Cu —0.37 0.84 —2.0 


At 770K, Nanini= —4.8X 108 erg/mol 


§5. Discussion 


Since we determined the values of / and m 
by using nickel-rich alloys, the values for B-B 
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pair are not reliable. The values of Jnini 
and my;n; are almost the same for all alloys. 
This is simply because the parabolic curves 
drawn to fit the experimental points pass the 
vicinity of nickel point in every cases. The 
most significant values obtained from magne- 
tostriction constants are those of / and m for 
Ni-B pairs. In Fig. 9 we plotted the /yip as 
a function of electron concentration of B atom, 
where we can see a fairly regular dependence 
of 7 value upon the number of 3d electrons. 


Y xIOrerg/mol 

[o) 

fate 82) 

if 

we 

a ES 

LZ 

us aang 
Se ) re 
be \ 

Oo O 

ers 

ae © at 300°K hostel 
ro} aat 77°K O 

oO -8 


V Cr Mn Fe Co Ni Cu 
5 6 fe 8 9 10 a 


ELECTRON CONCENTRATION 
Fig. 9. Dependence of the coefficient of dipole- 


dipole interaction for Ni-B pairs on the electron 
concentration of B atom. 


The features of this curve are summarized as 
follows: 

i) Negative part of the curve starts from 
n=6.5~7.0, where 7 is the number of electrons 
outside the argon shell of the B atom, and 
takes the muximum at about 2=9. 

ii) /Nip takes the positive value in the regions 
n<6.5~7.0 and n>9.8. 

iii) The order of magnitude of /niz is 10°~10° 
erg/mol. 

The origin of dipole-dipole interaction in 
ferromagnetic crystals was first discussed by 
N.S. Akulov!” and by R. Becker!®), who showed 
that the purely magnetic dipole-dipole interac- 
tion is too small to account for the actual 
magnitude of uniaxial crystal anisotropy and 
that of magnetostriction. As pointed by Van 
Vleck'”, the actual origin is belived to be a 
combined effect of spin-orbit interaction and 
overlapping wave functions between the neigh- 
boring atoms. The presence of some orbital 
angular mometum and overlapping of the 
neighboring 3d orbits are, therefore, prere- 
quisite for the pseudo-dipole interaction. From 
this point of view, we can interprete several 
features of the experimental curve. 
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Since the number of 4s conduction electrons 
is believed to be about one at Cr or Mn’, 
the remaining 3d electrons should take 3d’ 
state (S state) at about ~=6, where the atom 
should have no orbital angular momentum, so 
that we cannot expect any pseudo-dipole in- 
teraction at this point. As the number of 
electrons increases from this point, the orbital 
angular momentum should be increased, pro- 
vided the atom stays in a free state. Actually, 
however, the atom is under the action of the 
strong crystalline field. In the case of the 
face-centered cubic metals, each atom is sur- 
rounded by 12 cations, each of which is found 
in <110> direction from the center atom. In 
such a case, d-orbits should split into dé and 
dr orbits, where dé orbits extend towards <110> 
directions, while dy oribits extend along the 
coordinate axes. Since each atom shoud find 
neighboring cations in <110> directions, dé 
orbits might be more stable than dy orbits, as 
is the case for octahedral sites of ferrite. In 
this case, 3d° and 3d’ should have triply 
degenerate ground state, where the orbital 
angular momentum is remained unchanged. 
This is not exactly the case for actual metal, 
where the large part of the orbital angular 
momentum is quenched as being expected 
from the g-value. The tendency of leaving 
some orbital angular momentum at about 
n=7~8, however, is found for the actual 
metals, because the observed value of g-factor, 
which is nearly equal to 2 at nm=7, begin to 
deviate from 2 with an increase of m, and its 
deviation takes the maximum at about 7=9.') 
This behavior of the orbital angular momentum 
seems to explain the experimental fact i) fairly 
well. 

When 2<6 and 1>9, the last electron should 
occupy dy orbits. These regions are cor- 
responding to those indicated in ii). It is, 
however, not clear whether or not the positive 
value of /Nig can be related to the dy orbit. 

As pointed out by C. Kittel!®?.!”, the order 
of magnitude of pseudo-dipole interaction can 
be given by 

[21 =J(g-2), (8) 
where J is the exchange integral. Since 
J~10"~10" erg/mol and g—2~0.05~0.08, (8) 
gives the value of / of the order of magnitude 
10’~10° erg/mol, which is in good agreement 
with the experimental value stated in iii). 

It should be noted here that the value of 
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Myjip depends upon the electron concentration 
n of the B atom almost in the same way as 
that of Jnin. This fact may be explained by 
assuming that the dependence of /Nig upon the 
lattice constant is mainly caused by a change 
in the overlapping of 3d shells between Ni and 
B atoms. 
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Systematic studies were made on the preparation of pure KCl and NaCl 
crystals. Effects of the starting material on the purity of crystal were 
studied with KCl and NaCl powders of reagent grade of several different 
brands and with those prepared from bicarbonate and hydrochloric acid. 
Methods by distillation and crystallization in vacuum and by Kyropoulos 
technique in air were used for the crystallization procedures to study on 
each of their advantages. To estimate the concentration of impurities 
in crystals, the measurement of ionic conductivity was made for multi- 
valent metallic ions, optical absorption for hydroxyl ions, and chemical 
analysis for bromine ions. The purest crystal in respect of these im- 
purities was found to be the one grown from its powder prepared from 
bicarbonate and hydrochloric acid by the method of distillation and 
crystallization in vacuum. After the studies on the edge of the funda- 
mental absorption in connection with the concentration of bromine, an 
absorption band due to the presence of bromine was found in KCl of 
which maximum is at 7.12 ev at room temperature. 


Introduction 


$1. 


In the past three decades, considerable ef- 
forts have been devoted to study on alkali 
chloride crystals by a number of workers to 
investigate their intrinsic natures as a typical 
example of an ionic crystal. It is well known, 
however, that some of their properties are 
found to be different from crystal to crystal 
and the experimental results are influenced 
strongly by chemical impurities and physical 
imperfections in the crystal. One example is 
a growth rate of color centers at room tem- 
perature. This is known to be so sensitive 
to the density of impurities and of dislocations 
that one has to be careful in measuring the 
true magnitude of the energy of formation of 
a color center by an ionizing radiation from 
its growth curve. One does not know also 
whether the very poor photoelectric response 
of alkali chloride during an irradiation in the 
fundamental optical absorption region is cha- 
racteristic of its perfect crystal, since the 
Schubweg of electrons might be shortened 
considerably by the presence of imperfections. 
Even on a color center itself, it is not so cer- 
tain whether the experimental results are 


* A part of the present work has been carried 
out during our temporary stay in Prof. Kanzaki’s 
laboratory of the Institute for Solid State Physics, 
University of Tokyo. 


completely free from any effects due to im- 
perfections, since the color center concentra- 
tion with which investigations have been 
carried is of the same order as or less than 
the concentration of impurities in most cases. 
Therefore, it may be important to study with 
a very perfect crystal to reduce any influences 
due to the presence of imperfections for in- 
vestigating the intrinsic nature of alkali chlo- 
ride. This is the reason for the present 
studies on the preparation on pure crystals. 
In the present work, we have studied on 
KCl and NaCl as typical examples of alkali 
chlorides. At the first step of our systematic 
studies on the preparation of perfect crystals, 
our interests have been concentrated on their 
chemical impurities. We have investigated 
on multivalent metallic ions, hydroxyl ions, 
and halogen ions of other kinds present in 
KCl and NaCl as impurities, and have deve- 
loped a method of preparation of pure crystal 
in respect of these impurities. After exami- 
nations of the edge of the fundamental ab- 
sorption in both crystals, it has been found 
that its position is related primarily to the 
concentration of impurity bromine, which has 
been found to be one of the most abundant 
impurities in the crystals. Furthermore, a 
new absorption band due to the presence of 
bromine has been found in KCl just at the 
edge of its fundamental absorption band. 
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§2 Experimental 
1) Preparation of Crystals 


Crystals were grown from their powders of 
defferent kinds by different methods of cry- 
stallization to investigate their effects on the 
purity of the crystals. 


a. Starting materials 


Alkali chloride powders of two different 
kinds were used as a starting material. One 
was the powder made from alkali bicarbonate 
and hydrochloric acid through a chemical 
reaction. The other was powders obtained 
from different companies as reagent grade 
chemicals. The former was prepared for try- 
ing to make a starting material as pure as 
possible by a conventional chemical technique 
before the crystallization. The following are 
the reasons of using bicarbonate and hydro- 
chloric acid: Firstly, it is possible to purify 
alkali and chloride ions separately by chemical 
means. The second is that the chemical 
purification of bicarbonate and hydrochloric 
acid is much easier than that of alkali chloride. 
Thirdly, the purity of alkali bicarbonate and 
hydrochloric acid available commercially is 
believed to be better than that of commercial 
alkali chlorides. 

Synthetic KCl powders were made from 
KHCO; and HCl in their aquous solution. HCl 
was purified through two times ether extrac- 
tions followed by a careful distillation. The 
aquous solution of KHCOs:, which was prepar- 
ed from this salt of reagent grade without 
further chemical purification, was then mixed 
with this HCl. The resultants were KCl, 
H2O, and CO:, the last of which was able to 
be eliminated easily just by heating. KCl 
powder was obtained after cooling its saturat- 
ed solution and was dried in vacuum. 

Synthetic NaCl powders were made from 
NaHCO; and HCl. NaHCO; was purified by 
a chloroform solution of dithizone and 8-hy- 
droxyquinoline. NaCl powder was prepared 
with HCl purified by ether extraction through 
the same procedure as for KCl, except the 
precipitation of this salt by an addition of 
alcohol to its saturated solution. No trace of 
metal impurity was found in this NaCl by a 
spectroscopic analysis except potassium. 

Commercial KCl and NaCl powders were 
of G.R. grade made by the Kanto Chemical 
Company, the Wako Pure Chemical Industries, 
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and the Merck Company in Germany. 
b. Crystal growing 


Two methods were used for growing single 
crystals in this study. One was the usual 
Kyropoulos technique and crystals were pulled 
up in air from their melts in a platinum 
crucible. The other was the method through 
distillation and crystallization in vacuum in- 
side a quartz tube which was developed by 
Kanzaki and Kido”. 

Crystals prepared by the above methods 
are listed in Tables I and II. In the column 
of starting material, powder made from alkali 
bicarbonate and hydrochloric acid is denoted 
as a, while powders obtained from Kanto, Wa- 
ko, and Merck are indicated as b, c, and d, 
respectively. In the column of crystal grow- 
ing, K and V represent the method of Kyro- 
poulos and of distillation and crystallization 
in vacuum, respectively. 

It should be noted that the crystals grown 
by the method of distillation and crystalliza- 
tion in vacuum did not show good planes 
after cleavage and may contain dislocations 
in much higher concentration than Kyropoulos 
crystals. Particularly, NaCl crystals grown 
in this way were found to be deformed severe- 
ly. NaCl-aV-2 listed in Table II is the worst 
crystal in this respect, of which cleavage 
planes are curved. 


2) lome Conductivity 


As a mearsure of an amount of multivalent 
metallic ion impurities, an ionic conductivity 
was measured on each of crystals with d.c. 
technique. 

Fig. 1 indicates the results of the ionic 
conductivity of KCl prepared in this study. 
The conductivity of Harshaw crystal is also 
shown in this figure for the purpose of com- 
parison. It was found usually that the con- 
ductivity in its structure sensitive region varies 
within a factor of two between crystals pre- 
pared from commercial powders in different 
bottles obtained from the same company. 

The concentrations of electric carriers in 
KCl were estimated from the present con- 
ductivity data in the structure sensitive region 
and the vacancy mobility measured by Kelt- 
ing and Witt”. They are listed in Table I 
as njcc. 

Among Kyropoulos KCI crystals in Table I, 
KCl-aK-1, the crystal which was grown from 
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Table I. KCl crystals. 
; ; : St rtin Cr stal ' ev at Bromine 
Crystal ate Beoming nec Orige k=10 cm? concentration 

KCl-aK-1 a K 1x 1045 2x 1015 WROZT | 9 ~x10-6 
KCI-HA-1 Harshaw 9x 1015 8x 1015 6.985 7.VX10=5 
KCl-be2K-1 pre. Knee 8x 1015 2x 1015 6.919 1.1x 10-4 
CED KS | b K 4x 1015 2x 1015 6.904 | WEB AO 
K@lEdke? d K 7X 1015 2x 1015 6.847 30x LOS 
KCl-be2K-2 Waapeiiha K 1x 1016 2x 1015 6.822 8.1 10-4 
KCI-B-II-3* b V 1x 1015 <3x 1014 6.828 = 


* Kindly supplied by Prof. H. Kanzaki of the Institute for Solide State Physics, University of Tokyo. 


KCl powder prepared from KHCOs and HCl, 
has the lowest of which magnitude is as 
small as 1x10"® per cc. One may note that 
this amount is smaller than that of Harshaw 
KCl by a factor of nine and is comparable to 
that of KCI-B-II-3 which was purified through 
careful distillation and crystallization in vacu- 
um. If one assumes that the concentration 
of electric carriers is related directly to that 
of multivalent metallic ion impurities, one 
can say that the concentration of multivalent 
metallic ions in KCl-aK-1 is considerably 
lower than that of crystals grown directly 
from commercial KCl powders. 

To estimate an amount of reduction of 
multivalent metallic ions in KCl by the Kyro- 
poulos procedure, crystallization from the melt 
was repeated carefully four times in air and 
the ionic conductivity was measured with the 
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Fig. 1. Ionic conductivities of KCl crystals. 


crystal after each step. The starting meterial 
was the commercial KCl powder of G.R. grade. 
The concentration of electric carriers was 
found to be decreased in the manner, 1.1 x10", 
8:2.x10**," 3:6 X10%, fand© 23 x10" per Cc ace 
cording to the successive crystallization from 
the melts. This would indicate that the con- 
centration of multivalent metallic ion impuri- 
ties can be reduced to one fifth of its original 
amount by applications of Kyropoulos techni- 
que in three times. The concentration of 
multivalent metallic ions in the final crystal 
is about twice that of KCl-aK-1 in magnitude. 

Electric conductivities were measured also 
on NaCl crystals prepared by different pro- 
cedures. The results are shown in Fig. 2. 
Concentrations of electric carriers, m, were 
estimated with the vacancy mobility given by 
Etzel and Maurer®) and are tabulated in Table 
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Fig. 2. Tonic conductivities of NaCl crystals, 
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II. One may notice that ~ for NaCl-bV-1 is 
smaller by six times than that for NaCl-bK-1. 
The former was grown from the commercial 
KCl powder by the method of distillation and 
crystallization in vacuum, while the latter was 
grown from the same material but by the 
Kyropoulos method. 

Both NaCl-aV-1 and NaCl-bV-1 are grown 
by the method of distillation and crystalliza- 
tion in vacuum. However, the former was 
started with NaCl prepared from bicarbonate 
and hydrochloric acid and the latter was with 
the commercial one. The magnitude of z for 
NaCl-aV-1 was found to be smaller by three 
times than that for NaCl-bV-1. One may 
note also that this magnitude is smaller by a 
factor Of more than ten than that for Harshaw 
NaCl. 
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It may be interesting to note that the con- 
centrations of electric carriers at the both ends 
of the boule of NaCl-aV-1 were found to be 
different only by a factor of 1.1, while those 
of the boule of NaCl-bV-1 by a factor of 2.2. 
Therefore, it would be very probable that the 
NaCl powder which was prepared from bicar- 
bonate and hydrochloric acid already contain 
little multivalent metallic ions which can be 
removed effectively by the crystallization from 
the melts. 

NaCl-aV-2 in Table II is the crystal pre- 
pared from the same starting material and 
by the same growing procedure as NaCl-aV-1. 
However, the large deformation of the former 
has been found to be introduced during the 
course of crystallization in vacuum, 


instr el 
Starting 


ev at Bromine 


Crystal | material | growing mice OHicc., ‘y= 10cm) || concentration 
NaCl-aV-1 | a i ri 2.5x10 | <6x1014 7.222 1.1x10-5 
NaCl-HA-1 | Harshaw 3 x1016 3x 1016 7.213 1.4x 10-5 
NaCl-bV-1 | b mig: 8 x05 | <6x10"4 7.174 at 
NaCl-bK-1 b ee a 5 x1016 2x 1016 7.158 4.0x 10-5 
NaCl-aV-2 | a | ve 5 x10 | <6x101 7.190 ae 


* Distillation and crystallization in vacuum was performed kindly by Mr. K. Kido at the Institute 
for Solid State Physics, University of Tokyo. 


3) Optical absorption 

Optical absorptions were measured on KCl 
and NaCl crystals at room temperature to find 
any absorptions due to the presence of im- 
purities. In the infrared region, a Perkin- 
Elmer Model 21 infrared spectrophotometer 
was used to cover from 2.5 to 154. No absorp- 
tion band was found in KCl and NaCl listed 
in Tables I and II in this spectral range. In 
the region from visible up to 2.5 4, a Hitachi 
recording spectrophotometer was used and 
again no absorption band was detected in these 
crystals. 

Optical absorption measurements in the range 
from 240 my down to the fundamental absorp- 
tion edge, however, indicate significant dif- 
ferences between crystals. They were 
measured at 12°C with a vacuum ultraviolet 
spectrophotometer which was constructed by 
Ueta and his collaborators. The results are 
shown in Fig. 3 for KCl and in Fig. 4 for 
NaCl. The thickness of the crystal used in 


this measurement was ranging from 0.6mm 
to 1.0mm. The absorption coefficient was 
determined by taking into account of the re- 
flection loss. The reflectivity used in this 
calculation was estimated from the index of 
refraction for both KCl and NaCl given by 
Gyulai* in the range from 240 to 185my. 
In the wave length region shorter than 185 my, 
the reflectivity measured by Hartman et al!) 
was used after having been normalized to 
the one calculated from the index of refrac- 
tion at 185m. One may notice in both 
figures the presence of so called OH-band and 
the large difference in the position of the 
fundamental absorption edge between crystals. 


a. OH band 

The results in Fig. 3 indicate the presence 
of absorption band at 204 my in all KCl cry- 
stals except KCI-B-II-3. This is known to 
be the absorption due to OH ion present as 
an impurity in KCl®, The absorption coeffi- 
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cient of KCI-B-II-3 which was prepared by 
distillation and crystallization in vacuum was 
almost zero in the range from 190 to 240 my 
and therefore no OH absorption was observed 
within our experimental error. The intensity 
of this absorption band was found to be the 
highest in KCI-HA-1, the Harshaw KCl, 
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Fig. 3. Absorption spectra of KCl crystals in 


the ultraviolet region. 
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Fig. 4. Absorption spectra of NaCl crystals in 
the ultraviolet region. 


among the KCl crystals studied. All other 
crystals which were grown from different KCl 
powders by the same procedure, that is the 
Kyropoulos method in air, show the presence 
of OH band with small but almost the same 
intensity. The concentration of OH ion in 
KCl was estimated under the assumption that 
its oscillator strength is 1.9%. The results 
are listed in Table I. 

In Fig. 4, one may find that the absorption 
band at 185my due to OH ion in NaCl is 
present apparently in NaCl-HA-1, the Har- 
shaw crystal, and in NaCl-bK-1 which was 
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grown in air by the Kyropoulos method. Its 
intensity is much higher in the former crystal 
than in the latter. Crystals NaCl-aV-1 and 
NaCl-aV-2 have a pronounced tail extending 
from the edge of the fundamental absorption 
to the region of OH band but there is no sign 
of a hump in their absorption curves in the 
region of OH band. Both crystals have been 
grown from the same starting material and by 
the same vacuum distillation and crystalliza- 
tion method. However, NaCl-aV-2 has been 
deformed much more severely than NaCl-aV- 
1, so that the only significant difference be- 
tween them may be of their concentration of 
dislocations. Since the tail is much larger in 
the former crystal than in the latter, the tails 
of both crystals are possibly due to the dis- 
locations but not to the chemical impurities. 
Therefore, it may be said that no hydroxyl 
ions detectable by optical means are present 
in NaCl crystals prepared by the distillation 
and crystallization in vacuum. In Table II, the 
concentrations of hydroxyl ion in NaCl 
are listed which were estimated under the as- 
sumption that the oscillator strength is unity. 


b. Edge of the fundamental absorption 


In Fig 3, considerable difference is observed 
in the position of the edge of the fundamental 
absorption between KC] crystals. The photon 
energies where the absorption coefficient, R, 
is 10cm“ are listed in ev in Table I for the 
indication of the position of the edge of each 
crystals. The difference of the position of 
this kind was found also in NaCl crystals as 
shown in Fig. 4. The photon energies at 
k=10cm" for NaCl are list in Table II. It 
is clear from these tables and figures that the 
absorption edge positioned at the shortest 
wave length was of KCl-aK-l1 among KCls 
and of NaCl-aV-1 among NaCls, both of which 
were grown from their powders prepared from 
bicarbonate and hydrochloric acid. 

From the data in Tables I and II, one may 
find that there is no definite relation between 
the position of the fundamental edge and the 
concentration of electric carriers or of hydroxyl 
ions. Therefore, the shift of the position of 
the edge may not be due to the presence of 
multivalent metallic ions or hydroxyl ions in 
KCl and NaCl. It may be possible to imagine 
that the difference of the edge position might 
be explained by the different concentrations 
of dislocations in the crystals. However, the 
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positions of the edge of NaCl-HA-1 and NaCl- 
bK-1 are in the longer wave length side than 
that of NaCl-aV-1 while the dislocation den- 
sities of the former two are believed to be 
much lower than that of the latter. Also, in 


Fig. 3, all of the KCl crystals do not show 


any tail with appreciable intensity in spite of 


their different position of the fundamental 
absorption edge. 


Therefore, one may con- 
clude that the difference in the position of the 


| edge is not caused by the difference in the 
dislocation density in crystals. 


Other impurity possibly present in alkali 
chlorides is halogen of other kinds, particularly 
bromine. Therefore the colorimetric chemical 
analysis of bromine” was made on each cry- 
stal of KCl and NaCl. The amount of bro- 
mine was determined by measuring the in- 
tensity of the optical absorption at 580 mz due 
to bromophenol blue resulting from the addi- 
tion of sodium hypochlorite and phenol red 
to the aquous solution of the sample. The 
minimum amount of bromine ina crystal which 
was able to be determined by this method 
was about 3x10-* in mole fraction. The re- 


sults are listed in Tables I and II in the unit 


of mole fraction of the bromine ions to the 
total halogen ions. The concentrations of 
bromine thus found are of surprisingly large, 
so that the bromine may be one of the major 
impurities in alkali chlorides. The crystal 
which contains the least bromine among KCls 


was KCl-aK-1 and among NaCls was NaCl- 


aV-1, both of which were grown from their 
powders prepared from bicarbonate and hydro- 
chloric acid. 

It may be clear in Tables I and II that the 
position of the fundamental absorption edge 


of both KCl and NaCl is related directly to 


the concentration of bromine in the crystal 


-in such a way that the former is shifted to 


the longer wave length side with the increase 
of the latter. Therefore, one may conclude 
that the position of the edge of the funda- 
mental absorption in both KCl and NaCl com- 
monly used depends primarily upon the 
amount of impurity bromine in the crystal. 

To investigate further details of the absorp- 
tion edge in KCl, absorption measurements 
were made in higher absorption coefficient 
region with thin crystals of about 0.15 mm in 
their thickness. Absorption coefficients thus 
measured on the thin crystals were found to 
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be in good agreement with those obtained on 
the thick crystals in Fig. 3, in the range be- 
tween k=10cm~ and 40cm. In Fig.5, the 
absorption coefficient at the edge of KCl cry- 
stals is plotted in a logarithmic scale as a 
function of the photon energy in much wider 
range than in Fig. 3. These data are taken 
from absorption coefficients of the thin cry- 
stals in the range of k>20cm~! and from 
those of the thick crystals below it. Below 
k=40cm-~, it is found that there is a linear rela- 
tion between log k and the photon energy for 
all crystals, and their slopes are almost the 
same between each other except that of KCl- 
aK-1 which is the purest in respect of the 
impurity bromine. Above 40cm~ in k, how- 
ever, absorption curves bend over and appear 
to approach asymptotically at high k value to 
the absorption curve of KCl-aK-1 which. is 
linear in log k versus energy relation in the 
entire range of the measurement. 

The absorption curve of KCl-aK-1 was ex- 
trapolated linearly in this semilogarithmic 
scale to R=10°cm™ which is assumed as the 
maximum absorption coefficient of the first 
exciton absorption in KCl. Then the photon 
energy at this point was given as 7.59 ev. 
This value is very close to 7.56 ev which is 
estimated from the absorption curve given 
by Hartman et al®) as the photon energy at 
the maximum of the long wave length side 
absorption band of the first exciton doublet 
in KCl at 300°K. Extrapolations of absorp- 
tions curves for other crystals led to the 
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photon energies at k=10° cm~! which are com- 
pletely different from 7.56 ev. 

To investigate the efficiency of the method 
of crystallization from the melt on the elimi- 
nation of the impurity bromine from alkali 
halides, the chemical analysis for bromine was 
made also on the starting materials for the 
crystals KCl-bK-1, KCl-dK-1, and NaCl-bK-1. 
It was found that only 10% of bromine in 
KCl and 20% of bromine in NaCl was able to 
be removed during a single process of cry- 
stallization though the Kyropoulos technique. 
This may indicate that the method of crystal- 
lization from the melt, such as Kyropoulos or 
zone melting technique, seems not to be so 
efficient on the purification of alkali chlorides 
in respect of the impurity bromine. 


§3. Discussion 


1) Preparation of pure alkali chloride crystals 
In Table I, we have seen that the concen- 
tration of the electric carriers or of the multi- 
valent metallic ions in KCl-aK-1, which was 
grown from the powder prepared from KHCOs 
and HCl, is considerably smaller than those 
in other Kyropoulos KCl crystals. Therefore, 
it would be clear that it is of advantage to 
the preparation of pure crystal by the Kyro- 
poulos method to use this KCl powder as the 
starting material. In the case of NaCl, it has 
been shown that the magnitude of mu for Na- 
Cl-bV-1 is much smaller than that for NaCl- 
bK-1. This would indicate that the method 
of distillation and crystallization in vacuum is 
more effective than the Kyropoulos method on 
the elimination of multivalent metallic ions 
from NaCl. This result is similar to the one 
found by Kanzaki and Kido in KCl”. How- 
ever, we have also found that a for NaCl- 
aV-1 is smaller by a factor of three than that 
for NaCl-bV-1. Then it may be said that 
the method started with bicabonate and 
hydrochloric acid is better than that started 
directly with commercial NaCl powder even 
in the case of the application of vacuum dis- 
tillation and crystallization technique. 

The presence of hydroxyl ions has not been 
detected optically in all KCl and NaCl crystals 
as far as they are prepared through distilla- 
tion and crystallization in vacuum, while all 
other Kyropoulos crystals show the presence 
of hydroxyl ions. Therefore, the method of 
distillation and crystallization in vacuum may 
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be an excellent one for the preparation of al-- 
kali chlorides free from hydroxyl ions. 1 
It has been indicated that little bromine? 
can be removed from alkali chloride dur-- 
ing the process of the crystallization from the? 
melt. Therefore, to prepare a pure crysta!] 
of KCl and of NaCl in respect of bromine, it! 
must be necessary to start with their powders: 
of which bromine concentrations are as smail] 
as possible. Commercial KCl and NaCl have: 
been found to contain a large amount of? 
bromine of an order of 10-* in mole fraction! 
which is difficult to be removed from alkaiii 
chloride by a usual chemical technique. How-: 
ever, if one looks at the procedure of the: 
preparation of alkali chloride powder from 
bicarbonate and hydrochloric acid, one may! 
find that the only possible source of bromine: 
in alkali chloride is hydrochloric acid. Hydre-. 
chloric acid is believed to contain less bro-: 
mine than alkali chloride and can be purified 
easily by fractional distillations. Crystals; 
KCl-aK-1 and NaCl-aV-1 show certainly the: 
presence of bromine in smaller concentrations } 
than other crystals grown directly from their 
commercial powders. 
The efficiency of the elimination of bromine: 
from alkali chlorides by the method of dis- | 
tillation and crystallization in vacuum has not 
been studied. However, the bromine concent- | 
ration of KCI-B-II-3, which is grown directly 
from the commercial KCl! by the above method, 
is estimated as high as 7x10~ from the posi- | 
tion of its fundamental edge by the interpola- 
tion of the relation between the edge position 
and the bromine concentration. Therefore, | 
the vacuum distillation of alkali chlorides | 
seems not to be so effective on the elimina- | 
tion of the bromine. 
At the present stage of this study, it is | 
concluded that the following way would be | 
recommeded for the preparation of pure KCl 
and NaCl crystals in respect of multivalent | 
metallic ions, hydroxyl ions, and bromine ions: 
Alkali chloride powders are prepared from | 
bicarbonate and hydrochloric acid both of 
which are purified chemically. Then they are | 
crystallized by the method of distillation | 
and crystallization in vacuum. It should be 
noted that, although the crystal thus prepared | 
is quite pure in chemical impurity, its density 
of dislocations is always higher than that of 
the Kyropoulos crystal. This is the serious 


| 
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1 problem of this method, and the preparation 
jof crystal free from dislocations has been 


left to future studies. 


V2) Absorption band due to the presence of 


bromine in KCI* 
We have shown that the edge of the funda- 


|mental absorption in KCl is shifted to the 
| longer wave length side with an increase of the 


concentration of bromine. At the fundamental 
absorption edge, the absorption curves of the 
crystals with bromine in appreciable amount 
have been found to deviate from the linear 


‘relation and bend over as have been shown 


in Fig. 5. Since the concentration of bromine 


‘in KCl-aK-1 is far lower than those of other 
| KCls and so the position of its fundamental 
1 edge is at the shortest wave length, it may 
be reasonable to assume that the absorption 
|} edge of KCl-aK-1 is almost of pure KCI. 
| This assumption may also be supported by 
| the previously mentioned fact that only the 
position of the fundamental edge of KCl-aK-1 
at k=10%'cm~', which is estimated by the ex- 
| trapolation, is close to that of the first exci- 
tion peak of KCl. 


Therefore, the difference 
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Fig. 6. Absorption band due to the presence of 
bromine in KCl. Edge of the fundamental ab- 
sorption band of pure KCl is shown asa straight 
broken line. 


a A preliminary ‘account of the work in this sec- 
tion was published as a short note in J. Phys. Soc. 
Japan 15 (1960) 1350. 
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between the absorption coefficients of KCI- 
aK-1 and those of other KCl crystals would 
be an excess absorption due to the presence 
of bromine. In Fig. 6, these differences are 
plotted in a logarithmic scale as a function 
of photon energy. The curves thus obtained 
are the bands which shapes are similar to one 
another, although their shape at the short 
wave length side of the band is not so clear 
because of the error in measurements at high 
absorption coefficient. Moreover, the positions 
of the maximum of the bands for KCI-HA-1, 
KCl-be2K-1, and KCI-bK-1 are all at 7.12 ev, 
so that they are the bands of one kind with 
different intensities. 
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Fig. 7. Plots of the maximum absorption coeffi- 
cient of the band at 7.12 ev as a function of 
bromine concentration in KCl. 


In Fig. 7, the maximum heights of these 
absorption bands are plotted as a function of 
their bromine concentration. It is seen in this 
figure that the band grows certainly with the 
increase of the bromine concentration. There- 
fore, one may conclude that the absorption 
band at 7.12 ev is due to the presence of 
bromine in KCl. 

It may be noted that the absorption curve 
at the long wave length side of this band is 
represented by a straight line below one third 
of its maximum in the plot of log k versus 
photon energy. This is exactly the same 
relation as has been found in the fundamental 
absorption edge of silver halides® and other 
alkali halides”. Therefore, it can be said that 
the Urbach rule where the temparature is 
constant holds nicely even in the case of the 
absorption due to the small amount bromine 
in KCI lattice. 

The half width of this band is found to be 
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0.18 ev if the band shape is symmetric. This 
value is very close to 0.20 ev, the half width 
of the first exciton absorption band in KBr at 
room temperature which is estimated roughly 
from the absorption curve given by Eby et 
al. However, the position of the maximum 
of this band is at 7.12 ev which is far from 
6.61 ev, the position of the maximum of the 
first excition band in KBr. From these facts, 
one may say that the nature of the absorption 
band due to the presence of small amount 
bromine in KCl is not so different from that 
of the exciton band due to the excitation of 
bromine in KBr, except the difference in the 
position of their absorption maxima, which is 
probably due to the difference of the lattice 
distance around the bromine. 

One may estimate the oscillator strength of 
this absorption from the data in Fig. 7 assum- 
ing that the absorption is due to the bromine 
itself. However, the relation between the 
maximum height and the bromine concentra- 
tion is not so perfectly linear, so that only a 
rough estimation was made. The oscillator 
strength was estimated as 0.07+0.02 by the 
aid of the Smakula’s formula in the first 
approximation. 

We have assumed so far that the edge of 
the fundamental absorption of KCl-aK-1 is of 
pure KCl, and all of the estimations in this 
section has been based upon this assumption. 
However, this crystal actually contains bro- 
mine of 9x10-* in mole fraction, so that its 
absorption edge is not of pure KCl. If we 
use 0.07 as the oscillator strength of the ab- 
sorption due to bromine, then this excess 
absorption in KCl-aK-1 can be calculated as 
8cm! at 7.12 ev, the position of the maxi- 
mum of this absorption. The absorption coef- 
ficient of KCl-aK-1 measured at this photon 
energy is 67cm~'!. Then, about 12% of the 
measured absorption of KCl-aK-1 at 7.12 ev 
may come from the absorption due to bromine. 
However, since the difference in absorption 
coefficient between KCl-aK-1 and other KCls 
at the edge is much larger than 8cm™, the 
estimations of the absorption due to bromine 
with the assumption that the absorption edge 
of KCl-aK-1 is of pure KCl may not be in- 
correct. We have seen in Fig. 6 that the 
slope of the absorption band due to bromine 
is smaller than that of the absorption edge 
of pure KCl. Then, the contribution of the 
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bromine absorption to the measured absorp- | 
tion at the edge of KCl should become larger '} 
at the longer wave length. Therefore, the ) 
true absorption edge of the pure KCl may be i 
a little steeper than that of KCl-aK-l. This | 
may be one of the reasons for that 7.59 ev, 
the assumed value of the photon energy of. 
KCl-aK-1 at k=10°cm~' by the linear extra-; 
polation, is larger than 7.56 ev, the position | 
of the maximum of the exciton band of KCl... 

In Fig. 6, the edge of the fundamental ab-. 
sorption of KCl-aK-1, which is almost of pure: 
KCl, is indicated as a straight broken line 
One may notice in this figure that the absorp- 
tion due to bromine in KCl commonly used. 
is much stronger than the fundamental ab. 
sorption of pure KCl at the absorption tail. 
Therefore, cares must be taken on the optica! . 
excitation at the edge to study the true nature | 
of the exciton absorption in KCl crystal. 
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| $1. Introduction 


Recently the magnetic anisotropy of single 
crystals of ferro- or ferrimagnetic compounds 
with nickel arsenide structure was investigated 
| by several authors. In the case of MnBi 
| the axis of easy magnetization was found to 
' be [001] near room temperature and change 
, to [100] at 85°K, being associated with a 
_ gradual change of the magnetic anisotropy 
} constant with temperature. It has also been 
; shown that in the case of MnSb” the axis of 
| easy magnetization is invariantly [001] and 
| moreover the magnetic anisotropy constant 
_ remains unchanged with the decrease of tem- 
| perature down to 20°K. In the case of fer- 
| rimagnetic compound Fe-;Ses” the axis of easy 
, magnetization lies in the c-plane at room 
| temperature and it approaches to the c-axis 
with lowering temperature. In this paper the 
authors report the variation of the magnetic 
anisotropy of the ferromagnetic chromium 
telluride with the same crystal structure. 


§2. Specimen and Experimental Procedure 


For the pupose of the preparation of single 
crystals of the compound CrTe, powder of 
chromium (96% purity) and crushed grains of 
tellurium (99.99%) were mixed in proper raito. 
The mixture was sealed in an evacuated silica 
tube, heated in an electric furnace to 1100°C 
for 24 hours, and cooled slowly. The reaction 
product was crushed again and mixed well in 
a mortar. From this reaction product a single 
crystal was prepared by the Bridgann method. 
As shown in Fig. 1, the reaction product was 
put into a fused silica tube (10mm in dia- 
meter), one end of which was joined to a 
balloon filled with argon gas. The sample in 
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The anisotropy of a ferromagnetic single crystal of CrTe with NiAs 
structure was investigated by magnetic torque measurements. 
experiment it was seen that the axis of easy magnetization is [001] and 
it does not change from room temperature to liq. He temperature. At 
0°K the uniaxial anisotropy constant will be about 5x 106 erg per cm3. 
As for the origin of anisotropy, the dipole-dipole energy can account for 
only about 20 percent of the observed value. 


From the 


the silica tube was set so as to put the men- 
iscus of the molten specimen in the hottest 
part of the furnace, as shown in Fig. 1. After 
keeping several hours at high temperature it 
was cooled at a rate of 50° per hour. When 
the temperature of the specimen reached 
1050°C on the cooling the specimen was 
quenched into water. 
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Fig. 1. The apparatus to prepare a single crystal. 


A part of the single crystal thus obtained 
was crushed and a Debye-Scherrer photograph 
was taken, which showed that the structure 
was of NiAs type with a=3.93A, c=6.15A 
and c/a=1.56. These results coincide with 
the results previously reported by Oftedal®. 
Circular disks with the disk plane (100) as 
well as (001) were prepared with the aid of 
the Laue photograph. The size of the disks 
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was 4.5mm in diameter and 1mm in thick- 
ness. The composition of the specimen was 
confirmed by chemical analysis to be 53 at % 
Te. 


§ 3. 
Magnetic torque curves were measured for 


the disk with (100) plane at room temperature, 
—77°, —183° and —268°C. The maximum 
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at room temp. 
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Fig. 2. The magnetic torque curves at room tem- 
perature. 


Fig. 3. The magnetic torque curves at —77°C. 
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field used in the measurements was 22,000 oe} 
above —183° and was 17,000 oe at liquid He 
temperature. The curves obtained are shown) 
in Figs. 2, 3, 4 and 5. As seen from these} 
figures the curves obtained show two-fold | 
symmetry. The orientation of easy magne- L 
tization lies along the c-axis. The value of) 
the torque in the direction of difficult magne. - 
tization was not easily determined. The axis} 
of easy magnetization does not show any 
change with a drop in temperature down to) 
the helium point. Let the polar angle of the: 
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Fig. 4. The magnetic torque curves at —183°C. 
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Fig. 5. The magnetic torque curves at —268°C. 
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‘bfield direction from the c-axis be 8. At low 
‘p field strength the maximum of the torque was 
‘found to lie a little near 8=90°, and with the 
Ypincrease of the field it approachs 8=45°, with 


‘ib the increase in amplitude of the torque curve. 


‘}of an induction type magnetometer due to 
i) Chiba’s design‘, the results at room tempera- 
i) ture being shown in Fig. 6. 


It was seen from 
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Fig. 6. Magnetization vs. magnetic fieid curve 
for a single crystal. 
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Fig. 7. Anisotropy K vs. temperature curve. 
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dipole interaction energy vs. temperature curve. 


this curve that the saturation magnetisation 
is already attained at about H=2,000 oe. The 
magnetization vs. temperature curve at 8,000 
oe was taken in the region above the liquid 
nitrogen temperature. The curve obtained is 
shown in Fig. 7. As seen in the figure, the 
temperature dependence of the saturation 
magnetization is given by the Weiss curve 
with the spin quantum number S>2. The 
value shown by the symbol Mf at 7=0°K is the 
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presumed value at 0°K for the present com- 
position calculated from the data of oo. =74.57 
which is obtained for stoichiometric chromium- 
telluride by Guillaud®. This is consistent 
with the present data. The value of satura- 
tion moment per Cr atom at 0°K is 2.39. 
The extrapolation of o?-T curve gives that the 
Curie point of this specimen is 61°C. It 
should be mentioned here that Tsubokawa® 
has measured the change of susceptibility 
with temperature above the Curie point with 
the specimens from the same source as that 
of the present study. According to his results 
the Curie-Weiss law holds in the paramagnetic 
region with the paramagnetic Curie point, 0p 
of 57°C, the Curie constant, Cn of 2.08, the 
effective magneton, number, “err of 4.08, and 
S of 1.6 if g-value is assumed to be two. 
Therefore, the S value obtained from the 
magnetization at low temperatures does not 
coincide with that obtained from the Curie 
constant in the high temperature region. 


§4. The Value of Anisotropy Constant K 


Based on the torque curves shown in the 
foregoing section the anisotropy constant K 
was calculated by using the following relation. 


a pees) ; ee 


t; torque per unit volume, cm®. 


(=) ; derivative of t near B=0. 
at 0 


The value (df8/dt)o was obtained from the 
torque curves of each field and the experi- 
mental value of saturation magnetization per 
unit volume was used as J;. The K value is 
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Fig. 8. The value of K as derived from equation 
(1) vs. magnetic field curves. 
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calculated from equation (1). In Fig. 8, cal- 
culated K values were plotted against the 
field strengths used for the measurement of 
torque curves. As seen from this figure, K 
shows a constant value irrespective of the 
field strength at each temperature, which 
shows that the equation (1) is reasonably hold 
in this case. The anisotropy constant K vs. 
temperature curve is shown in Fig. 7, which 
shows that the anisotropy of this compound 
decreases gradually with the increase of tem- 
perature. The saturation torque curves cal- 
culated from the obtained anisotropy constant 
are shown by dotted curves in Figs. 2, 3, 4 
and 5. 

Some considerations will be given to the 
origin of the anisotropy energy mentioned 
above. The dipole-dipole interaction was 
calculated for this compound, the result of 
which is shown in Fig. 6. As seen in Fig. 6. 
this term is consistent in sign with the ex- 
perimental result but the value reaches only 
about 20 percent of the result of observation. 
The gap between theory and experiment will 
be filled by the calculation of the anisotropy 


due to the spin-orbit interaction of Cr ions} 
influenced by the crystalline field. But in) 
this case a simple ionic model is not sufficient | 
to start the calculation of the anisotropy since } 
the ionic moment in the low temperature} 
region was found to be far less than that in} 
the high temperature region. So that, in the} 
interpretation of this experimental result a} 
detailed discussion on the electronic structure? 
of this compound will be required. | 

Finally the authors wish to express their: 
hearty thanks to Dr. Maeda and Dr. Watana-: 
be for their useful discussions, and to Mr.. 


Adachi for valuable suggesions. 
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The neutron total cross sections of carbon, oxygen, fluorine and thorium 
have been measured in the energy range of 3.3 to 5.0MeV. Measure- 
ments were made with a good-geometry arrangement and an energy 
resolution of about 20keV, using a neutron detector which had a high 
efficiency and a good characteristic for gamma-ray discrimination. For 
carbon, oxygen and fluorine, several resonances in the cross sections 
were analyzed to give spin assignments. For thorium, a giant resonance 


was observed at 4.2+0.2 MeV. 


$1. Introduction 


The neutron total cross sections are of great 
interest in nuclear physics aside from their 

* On leave of absence from Transportation Tech- 
nical Research Institute, Mitaka, Tokyo. 


importance in practical problems. The re- | 
sonances appearing in the total cross sections ' 
are associated with quasi-stationary energy ' 
states of the compound system of the target :| 
nucleus plus a neutron. The knowledge about 
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the characteristics of levels or the statistics 
of their distribution can be obtained from the 
measurement of the height or the number of 
the resonance peaks. Sharp resonances dis- 
appear with the increase of neutron energy, 
because of the overlapping of levels and the 
spread of neutron energy. This phenomenon 
occurs at low energy region for heavy nuclei 
(e.g. at 1keV for thorium as compared with 
10 MeV for oxygen)”. But the resonance of 
another type, that is, the giant resonance, is 
seen in this continuum region. This is due 
to the size effect of nuclei, which is explained 
by the optical model”. 

It is not so easy to measure the neutron 
total cross sections with high accuracy and 
resolution because of the large spread of the 
incident neutron energy, the high background 
of neutrons and gamma rays, the low efficien- 
cy of neutron detectors and the difficulty 
involved in determining neutron energies. 
The measurement of this sort is so tedious 
and time-consuming that the experiment with 
complicated arrangements are troublesome. 
Recently, a simple scintillation detector® which 
has a good characteristic for the discrimination 
of gamma rays against neutrons has been 
developed. In an organic phosphor the decay 
time of the fluorescence” excited by neutrons 
is different from that by gamma rays, and 
one can make use of this difference for the 
purpose of discrimination of gamma rays with 
only a minor change in the conventional photo- 
multiplier circuit. This detector has an ef- 
ficiency higher than that of the Hornyack 
button, because of its large sensitive for 
neutron counting. A detector of high efficien- 
cy is especially indispensable in the high re- 
solution work with a good geometry, because 
neutron flux available is in general very low. 

In the present work an attempt was made 
to measure the neutron total cross sections of 
carbon, oxygen, fluorine and thorium in an 
energy range of 3.3 to 5.0MeV using the 
detector mentioned above. The assignment of 
the spin and parity was tried for several 
resolved resonances. For thorium, a giant 
resonance was observed as expected by the 
systematics®. 


§2. Experimental 


The measurements were made at the JAERI 
2-MV Van de Graaff accelerator. Neutrons, 


of C, O, F and Th 1995 
energy of which was 3.3 to 5MeV, were 
produced by using the D(d,7) He?’ reaction. 
The experimental area was 3.6 meters above 
the ground and had little amount of neutron 
scattering material nearby in order to mini- 
mize the background. By a couple of electro- 
static quadrupole lenses, deuterium beam was 
focused on a target, which was located 8 
meters away from a 90-degree beam analyz- 
ing magnet. This decreased the machine 
background remarkably. The experimental 
arrangement was designed for a good-geo- 
metry transmission measurement, as shown 
in Fig. 1. 
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Fig. 1. Experimental Arrangement. 


Thorium dioxide (ThO:, purity 99.9%), 
Teflon (CrFen+2, commercial product), and 
graphite (C, reactor grade) were used as 
samples. The thorium oxide sample was of 
powder form and filled in a lucite cylinder, 
whose inner diameter and length were 3.7 and 
9.0cm, respectively. The Teflon and graphite 
samples were 3.0cm in diameter, and 5.0 and 
4.5cm in length, respectively. The neutron 
transmission was about 50% in each case. The 
samples were placed at the middle of the 
neutron source and the detector, and alined 
with a transit. The distance from the source 
to the detector was 75cm in almost all cases*. 


oe This distance was 50 cm for dots “-” in Fig. 
8, in the energy range of 3.3 to 4.4 MeV. 


1996 K. TSUKADA and T. FUSE (Vol. 15, 


The neutron source was composed of a gas The pressure of deuterium was 5.0cm Hg* 
chamber, whose length and inside diameter in almost all cases. The neutron energy and 
were 3cm and lcm, respectively. Its entrance its spread were estimated by calculating the 
window was nickel foil of 0.00005” thickness. loss and straggling of the deuteron energy in 
the nickel window and the gas. The energy 
value obtained by the calculation was lower 


7 et by 20keV than that obtained by the compari- 
i oes son of the resonance energies of oxygen with 
e those in the results of Becker et al.” and 
q 5 Discrimination _level__A Walton et al.” In Fig. 3, the corrected value 
a is shown. The neutron detector consisted 
3 4 gee pee: of a 1’ x1” anthracene crystal and a Du 
-adl Serngiieye Mont 6467 photomultiplier. In order to dis- 
e criminate gamma rays against neutrons by the 
85 method stated in §1, the voltage difference 
between the last dynode and the anode was 

tf decreased to 18 volts.** This introduced a 
f serious space charge limitation and magnified 

7 2 3 4 5 the difference between the decay of the fluo- 

Energy (MeV) recence by the neutrons and that by the gam- 


Fig. 2. Energy dependence of the maximum pulse 4 Trays. The output signal was delivered 
height of the output signal from the anthracene from the last dynode. Fig. 2 shows the 
scintillation counter with the space-charge- energy dependence of the maximum pulse 
limited photomultiplier. height of the output signal for the neutrons 
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Fig. 3. Neutron total cross sections of carbon, oxygen, fluorine and thorium. The energy resolu- 


tion is shown as equivalent triangles at several energies. The open and solid triangles 
correspond to the open and solid circles respectively. 


* This pressure was 2.5cm Hg for dots “-” in Fig. a 


** The voltage differences of the other parts were kept at anormal rate and the total voltage 
difference between the photo-cathode and the anode was 1,400 volts. 
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and gamma rays. In this detector system, 
precaution had to be paid for overloading be- 
cause of its rather long pulse processing time. 
Evaluation of the background counts was 
done by using a copper bar, whose length and 
diameter were 50cm and 3cm, respectively. 
The background was less than 0.7%. Exis- 
tence of energy-degraded neutrons due to the 
deuterium adsorbed in the window and the 
wall of the target chamber was checked by 
counting the neutrons with the chamber 
evacuated, which yielded less than 1% of the 
normal output. Neutrons were monitored with 
a current integrater and two long counters. 


§3. Results and Discussions 
Counts obtained were processed by the fol- 
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Csample in: Counts per charge Q of the incid- 
ent deuterons when the sample was placed, 

Csample out: Counts per charge Q when the 
sample was taken out or the empty can 
was placed instead of the thorium 
sample, 

Ccopper bar: Counts per charge Q when the 
copper bar (§ 2) was placed, 

N: number of nuclei per unit area in the 
sample. 


An in-scattering correction to be applied to 
the results obtained through the procedure 
written above were calculated by Eq. (2)® and 
found to be less than 2%. 


Ao 1 


—=—[D/L)(kr+1)]? , (2) 
Cee. 


lowing formula to give the total cross section L: distance between the neutron source and 
Oi. the detector, 
oe Cekmple in— Ccopper bar (1) D: diameter of the sample, 
Csample out — Ccopper bar S k: neutron wave number, 
jee 2° 
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Fig. 4. Spin assignments for several resonaces in the neutron total cross sections of 


carbon, oxygen and fluorine. 
of Ank2g s. 


The figures in the brackets show the calculated values 
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nuclear radius given by 1.4A‘/*x10-* 
cm. 

The total cross section of fluorine was ob- 
tained from the transmission data of Teflon 
by subtracting the contribution of carbon. In 
order to obtain the cross sections of oxygen 
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which had been published by Becker et al.° 
and Walton et al.”) was subtracted from the 
transmission data of thorium oxide and then 
the curve of the remainder was smoothed out 
to give the cross section curve for thorium. 
The necessity for this procedure was due to 


the fact that data of different origin had dif- 
ferent energy resolution. Next, the cross 
section of thorium was subtracted from the 
transmission data of thorium oxide and the 


and thorium, following procedure was adopted. 
At first, the cross section of thorium was as- 
sumed to have gradual change and no sharp 
resonances and the cross section of oxygen 


Table I. Levels of the compound nuclei C!8, O17 and F20. J shows the spin and parity, and c.m. 
the observed width at half maximum of the resonances in the center-of-mass system. 


Present Results Other Nuclear Data 


Element | Neutron Energy 
pate | A) a | Reto ARB jogo | ABRRE | etrences 
C13* 3.520+0.050 8.193 large 8.33 3/2+ (n, n) P.R. 109,891 
4.320+0.050 8.931 1/2+ ~300 9.0 (n, nN) P.R. 78,508 
4.940+0.010 | 9.503 ~20 9.51 (n, n) | P.R. 102,1384 
O1t+ U8 5/2 (a, n), | P.R. 107,1065 
7.560 =7/2 (a, n) P.P.S. A69,830 
3.745+0.010 7.669 | 3/2, 5/2 ~20 7.676 25/2 (a, n) PoR. L02R1 384: 
7.94 1/2+ a, N) P.R. 105,1811 
4.200+0.010 8.102 8.07 3/2+ a, n) P.R. 102,1348 
4.330+0.010 | 8.225| 3/2 ~90 8.20 3/2+ (a, 2) 
4,470(group) 8.351 8.34 1/2 a, N) 
8.39 5/2 a, n) 
4.625+0.010 8.491 8.46 7/2+ a, N) 
4.705+0.010 8.572 
4.845+0.010 8.704 3/2 ~90 8.70 (3/2*) (a, ) 
5.010+0.010 8.859 < 20 
8.89 3/2* (a, n) 
F°20% 3.433+0.010 9.866 9.8 (nm, a) P.R. 100,69 
3.460+0.010 9.892 
3.505+0.010 9.934 
3.560+0.010 9.987 
3.605+0.010 | 10.029 10.04 (nm, a) P.R. 100,69 
WOEIOL (n, a) ” 
3.820+0.020 | 10.233 Oma ~200 10.19 (n, @) ” 
4.085+0.010 | 10.485 ~10 1OR53 (nm, @) 1” 
| 4.255+0.010 | 10.652 Ih, ~60 
| 4.430+0.050 | 10.813 Ome ~330 10.81 (a, @) ” 
4.680+0.010 | 11.050 ~30 11.07 (n, a) | P.R. 99,6434 
4.770+0.010 | 11.136 SPAS) 
4.890+0.010 | 11.250 <25 | 11.22 (n, a) | P.R. 100,69 
(4.935 11307) 
11.39 (n, a) ” 


* Binding energy of a neutron was taken as 4.946 MeV.1) 
Binding energy of a neutron was taken as 4.146 MeV.11) 
Binding energy of a neutron was taken as 6.606 MeV.1!) 
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cross section of oxygen measured with the 
energy resolution of the present work was 
thus obtained. The resolution was about two 
times better than that in the Walton’s meas- 
urement, and nearly equal to that in the 
Becker’s. These results are shown in Fig. 3. 

The statistical error was about 1% in the 
whole range. The neutron energy spread 
calculated from each energy is shown in Fig. 
3. These values, however, may be increased 
a little, because of the local variation in the 
thickness of the nickel foil (may be less than 
a few keV). 

The comparison of the present data with 
the others” shows that, for carbon, there are 
some apparent systematic disagreements* 
amounting to more than 10%. But these dis- 
agreements can be eliminated by taking ac- 
count of the difference in the spread of neu- 
tron energies. For fluorine, the published 
data” has an energy resolution too poor to be 
compared with the present result. For oxygen, 
present data agree with those of Becker et al.” 
and Walton et al.” fairly well. For thorium, 
there has been no published data in the energy 
region of the present work. 

Some informations about the energy levels 
of the compound nuclei, C, O'? and F2°** 
have been obtained from the position and the 
peak height of the resonances. The height of 
a resonance peak is given by 47k?g7:***, which 
is a function of the spin J of the compound 
nucleus and the neutron anguler momentum 
1, as far as the elastic scattering is predomi- 
nant over other reactions and, moreover, the 
resonance is isolated and well-resolved. In 
Fig. 4, the calculated values of 47i*gz are 
inserted. The dip of the oxygen cross sec- 


* In the energy range of 3.4 to 4.2 MeV, there 
is a rather large difference between the present 
data and those of Freier et al.1). The spread of 
the neutron energies in Freier’s experiment is 
+200 keV, about ten times as large as ours. By 
taking the average of points in a range of 400 keV, 
our curve will be shifted towards Freier’s. 


**k Tsotopic abundance 
carbon: C12 (98.90%), C18 (1.10%) 
fxs O18 (99.7%), O17 (0.04%), O'8 (0.20%) 
fluorine: F19 (100%) 

*&& For a single isolated level®, 
o max =4rk2[ gl z1 COS? Ox +2 (21+1) sin? 07] 
feito —an sin? 07+ 2 (21+1) sin? 07] 


and omax—omin=4nkgsi, if Pn~T total. 


of C, O, F and Th 1999 
tion at 4.06MeV may correspond to a s re- 
sonance (J=0), as seen by the comparison 
with that of the (a, ) reaction inserted in 
the same figure. Estimation of the J value 
was tried for each resolved resonance and the 
results are shown in Table I with those ob- 
tained from other sources!. The resonances 
listed in Table I do not cover all of the re- 
sonances in this energy region, even for 
carbon. 

For thorium, a giant resonance was observed 
at 4.2+0.2 MeV. The peak cross section was 
8.5 barns****, Fig. 5 shows not only the pre- 
sent data for thorium but also the results in 
the lower energy region” and at 14 MeV". 


° Present result 
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Fig. 5. Neutron total cross section of thorium. 
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The temperature dependence of the surface potential of silver chloride 


single crystals is similar to that of silver bromide single crystals. 


The 


knee point moves to the higher temperature as the content of cadmium 
in the specimen is increased. The formation energy of Frenkel defect 
and other quantities are obtained. Comparing with the results of ionic 
conductivity measurements, the intrinsic and the structure-sensitive re- 
gions of silver chloride single crystal determined by surface potential 
were found to correspond to those determined by ionic conductivity, 
respectively. From the difference between the reciprocals of the knee 
point temperatures determined by the two methods, the ratio of the 
mobility of an interstitial silver ion to a silver vacancy may be obtained. 


Introduction 


§1. 

In the previous paper”, we have shown the 
following things. The surface potential versus 
temperature curve for a silver bromide single 
crystal is composed of two straight lines, one 
of which corresponds to the structure-sensitive 
region of the crystal and the other to its 
intrinsic region. They, when extended, inter- 
sect each other at a knee point, the tempera- 
ture of which is determined by the amount 
of doped divalent cations which are supposed 
to dissolve into the crystal lattice. Of course, 
the curve deviates from the straight lines 
near the knee point. The knee point moves 
to higher temperature with increasing amount 
of divalent cations doped into the crystal. 
We also proposed the interpretation for these 
facts. The variation of the surface potential 
with temperature is due to the change in the 
space charge potential on the side of the 
silver-coated surface of a silver halide crystal. 
Near and on its free surface, silver ions and 
electrons move under the condition that their 
change cancels the variation of potential due 


to the space charge on this side. 

To verify whether the surface potential in 
a single crystal of silver chloride varies 
similarly with temperature as in a silver bro- 
mide, the surface potential measurements 
were carried out the same as before. We 
also measured the ionic conductivity and each 
region determined by surface potential meas- 
urements was concluded to correspond to that 
determined by the ionic conductivity measure- 
ments, respectively. 


§2. Apparatus 


The apparatus is that used for measure- 
ments of surface potential in silver bromide 
single crystals. The specimens were cut by 
Ti-saw from silver chloride single crystals 
which were made from the melt in air by 
Kyropoulos method. They were lapped and 
etched in series by sodium thiosulfate, am- 
monium hydroxide and hydrochloric acid. 
After etching, they were rinsed in flowing 
water for about twenty minutes and at last 
washed by distilled water. They were nearly 
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1mm thick. All measurements were carried 
out after keeping the specimens at measuring 
temperature for about twenty minutes in the 
case of surface potential measurements. 

To measure the temperature of the surface 
of specimens, a thermocouple was attached 
to their surfaces. It indicated too low temper- 
ature degrees, which might be attributed to 
the low thermal conductivity of the specimens 
and the thermal loss through the thermocouple 
wires. When the thermocouple was welded 
on a silver metal block placed on the platinum 
plate electrode, on which a specimen was 
placed for measurements, a curve was ob- 
tained from which the concentration of Frenkel 
defect was calculated to be too large, and 
the results were contradictory to ionic con- 
ductivity measurements. According to our 
interpretation, the surface potential variation 
with temperature is attributed to the change 
of potential due to the ionic space charge 
layer on the side of the silver-coated surface, 
so that the temperature of this side must 
been measured. The thermal loss of radiation 
from the surface of a specimen is hindered 
by the vibrating reed of the electrometer 
over it and specimens are thin, so that the 
temperature of their surfaces may be assumed 
to be equal to that of their silver-coated sur- 
faces. We might identify the temperature 
of a specimen with that of the surface of the 
plate electrode to which a specimen is in 
contact. It was at last decided to measure 
the temperature by the thermocouple pressed 
against the plate electrode. 

The concentration of doped impurity— 
cadmium ions in our case—was chemically 
analysed. Cadmium in silver chloride was 
extracted by the method of Church. The 
amount of cadmium was quantitatively ana- 
lysed by the colorimetrical method, using 
Hitachi photoelectric spectrometer. Standard 
samples were made by solving cadmium ace- 
tate into water, and they contained 57, 107, 
307, 507 of cadmium, respectively. The 
chemical analysis was carried out in Japan 
Analytical Chemistry Research Institute. 


§3. Experimental Results 


(1) Surface potential variation with tempera- 


ture 
The peculiar variation of surface potential 


in the first run which appeared in the case 
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of silver bromide single crystals, was not 
observed in silver chloride single crystals”. 

Experimental results are plotted in Fig. 1. 
It is easily seen that the temperature depend- 
ence of surface potential in a silver chloride 
single crystal is also represented by two 
straight lines and the knee point temperature 
moves to higher temperature as more divalent 
cations are doped into the crystal. It is higher 
in silver chloride than in silver bromide when 
doped with the same amount of divalent ca- 
tions. The values for various other quantities 
were obtained by the same way as in silver 
bromide crystals. They are shown in Table I. 
The symbols are the same as in the previous 
paper”. 
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Fig. 1. The variation of the surface potential of 


silver chloride crystals with temperature. The 
associated numbers which ascend from 1 to 7 
indicate the specimens which are doped with 
0), Ons, O78, Wen, GOS Zd5 “aletel SOIC ast 
cadmium ions, respectively. The knee point 
moves to higher temperature as more amount 
of cadmium is doped into crystal. 


The values of N:B:/N2B2 which contains 
only the internal factors are seen to be in 
agreement with each other, but the values of 
A:A:/B: differ from specimen to specimen 
and this must be attributed to the different 
values of Az. The N:iB:i/N2B2 versus a and 
the A:A:2/B: versus @ curves are shown in 
Fig. 2. N:B:/N2B2 seems to be independent 
of a which is due to the surface condition. 
There is a tendency that A:iA,/B: decreases 
as q@ increases. A1A:2/B2 is large for speci- 
mens in which the straight line in the intrinsic 
region has a steep slope. a@ seems to become 
smaller as the slope of the straight line in 
the structure-sensitive region increases. 

The knee point temperature —T's— is de- 
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Table I. 
or sre Sig Concentration of am MiB AiAs Tr 
Specimen CAAA darts 2e-(Vis— Vos) a NBs Bs 's 
~ OCIP-3 : 0.51 10-8 Mol.-% 0.90 eV 0.44 LaeclOg 4820 453°K 

OCII/Cd 0.125-1 | 1.66 0.45 OE 2.0 25 478 
OCI Gd.0.25-1 | 2.8 0.44 0.73 a0) 61 488 
OCICd0.5-2 | 5.6 0.18 0.89] 2.3 54. | 507 
OCI’Cd 1-1 1.66x 10-2 0.40 0.75 15 26 548 
OCI Cd 2.5-2 2.8 0.51 | 0.68 Dik 57 556 
OCII Cd 5-1 6.0 0.21 0.87 Bs 13 578 


termined by the following equation. 
cC=N,Bi/N2Be exp—(Exro/kTs) (1) 


where no factors appear which are related to 
the surface condition. The logarithm of the 
concentration of dissolved divalent cations 
versus the reciprocal of the knee point tem- 
perature (in the absolute unit) curve is shown 
in Fig. 3. From the slope of the line, the for- 
mation energy at 0°K of Frenkel defect in a 
silver chloride single crystal was found to be 


66 Oo 


O53 O04 OS O6 3 0.7 


Fig. 2. NiB:/N2B2 and A1A:/B2 plotted against 
a, being denoted by solid circles and crosses, 
respectively. N,B;:/NoB. is independent of a, 
but AiA2/B, decreases with a. The lower and 
upper straight lines are 

log A1A:/Bz=(1—a)/2-log 2x 100; 
and 

log Ai As/Bz2=(1—a)/2-log 2x 107+1og 10 , 
respectively. 


1.6eV, which is nearly equal to 1.69eV”. 
Ni B:/N2B2z is equal to 2.1x10’. The temper- 
ature dependence of the formation energy of 
Frenkel defect in silver chloride is given by 


r=16—14x1l02T.. 


From the experimental curves, the value of 
N:B:/N2Bec? is obtained but the values of 
NiB:/N2B2 and c are not determined sepa- 
rately. The amount of cadmium ions which 
replace silver ions at normal lattice sites would 
not be equal to the chemically analyzed 
amount, but we have no knowledge about the 
difference between two quantities. The above 
obtained values in Table I are calculated under 
the assumption that ¢ is either equal to or 
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Fig. 3. The logarithm of the concentration of 
the dissolved cadmium ions plotted against 1/Ts, 
where T's is the knee point temperature for the 
specimens doped with the above-mentioned 
amount of cadmium ions. From the slope of 
the line we have Hyo=1.6ev, and N,Bi/NoBo= 
2.1X107. The broken curve is one obtained 
by Ebert and Teltow?). 
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) not far different from the value determined 
| by chemical analysis. The weighed amount 
| of doped cadmium before melting and the 
| chemically analyzed amount in the samples 
i are tabulated in Table II. 

It is seen from Table II that the ratio B/A 
lies between 1 and 1.3, except for the speci- 

men denoted by OCI’Cd1, and cadmium im- 
| purities are more soluble in the crystal than 
in the melt. It is contrary to the results in 
the case of potassium chloride. It seems 
probable that the amount of impurities would 
| increase by recrystalization because the sample 
| denoted by OCII’Cd1(R) was recrystalized 
| from the sample denoted by OCII’Cd 1. 


Table II. 

Chemically | 
Brecimens) [pote engant | analyzed” | py 

cite 

Mol.-% Mol.-% 

OCIP 0. ys SCI 

OCII’Cd 0.125.) 1,.2510-? _| 1.6,x10-% | 1.3 
eMCd 0,25) 19:5 i081 9.8 10-8. | 1d 
OCI Cd 0.5 5.0 ~10r%.. |.5.6.x10-8 | .1.1 
OCI’Cd0.5 |5.0 x10-? |6.5 x10-3 | 1.3 
OCI’Cd 1 10) SBOfinwwlGl Geax LO? vliden 
OCI’Cd 2.5 2.5-x10-2  |.2.8 10-2... | 1.1 
OCII Cd5 5.0 x10-2. | 6.0 x10-2. | 1.2 
OcvCd1Sil.,|.1.0.<10-% | 1.2,x10-2 9) 1:3 
BCUCdiS5 11.0 «10-2 | 1:2,x10-2 | 1.2% 
OCII’Cd 1 11.0 x10-2 |1.3 x10-2 -}.1.3 
OCII/Cd 1(R) 1.7% x10-2 | 1.8 


(2) Results of ionic conductivity measurements 

To ascertain whether the intrinsic region 
can be identified to that determined from the 
ionic conductivity measurements, the variation 
of ionic conductivity of each specimen with 
- temperature was measured. 

Silver was developed on the two faces to 
be electrodes of a specimen, which together 
with silver blocks on its silver-developed faces, 
was pushed between nickel electrodes fixed 
in acrucible. The temperature was measured 
by a copper-constantan thermocouple welded 
on the nickel electrode. The crucible was set 
into an electric furnace. The direct current 
conductivity was measured by a galvanometer 
in series with the specimen. Their repro- 
ducibility was good. The logarithm of specific 
conductivity is plotted against the reciprocal 
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of absolute temperature of a specimen in 
Fig. 4. 

The curve for each specimen consists of 
two parts, one of which is steeper than the 
other, and the steep parts for various speci- 
mens overlap each other in higher tempera- 
ture range. The specific conductivity in the 
gentle range seems to be nearly proportional 
to the concentration of the cadmium content, 
but it is not strictly established. The steep 
part for undoped specimens lies in the right 
side of those doped with Cd, and it does not 
overlap them. Nevertheless, the activation 
energies of both groups were nearly equal 
and about leV. The specimens doped with 
sulpher ions showed the similar behaviour as 
undoped specimens. The activation energies 
in each region of the curve are about leV 
and about 0.4 eV, respectively. It is apparent 


(in arbitrary unit) 


Conductivity 
° 


Specific 
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Fig. 4. The specific conductivity of silver chlo- 
ride crystals doped with cadmium chloride as 
a function of 1083/7. The numbers on the curves 
refer to 1) the specific conductivity of “pure” 
AgCl, 2) 0.00125 Mol.-% of CdCl,, 3) 0.0025 
Mol.-%, 4) 0.005 Mol.-%, 5) 0.01 Mol.-%, 6) 
0.025 Mol.-%, and 7) 0.05 Mol.-%. 
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that the steep range of the curve corresponds 
to the intrinsic region and the gentle to the 
structure-sensitive region. The intrinsic re- 
gion of specimens seems to begin at a little 
lower temperature than in the surface poten- 
tial measurements. The mobility of an inter- 
stitial silver ion is larger than a silver vacan- 
cy, so that the results are reasonable. The 
relation between two kinds of knee point 
temperatures will be discussed later. 


§4. Discussion 


1.6eV was obtained for the value of the 
formation energy at 0°K of Frenkel defect 
in a silver chloride crystals. Considering the 
errors in the concentration of effective cadmi- 
um doped into the crystal and temperature, 
it may be regarded as agreeing with 1.69eV 
obtained by Ebert and Teltow”. Taking ac- 
count of the fluctuation of obtained data from 
a straight line when Inc is plotted against 
10/7, the value of the formation energy may 
not be larger than 1.7eV, and not smaller 
that 1.eV. When the temperature of speci- 
mens was elevated above about 330°C, sur- 
face potential showed irregular behaviour 
which was different from specimen to speci- 
men. So, it was difficult to determine ac- 
curately the knee point temperature for 
specimens doped with high concentration of 
cadmium ions. Below about 140°C, the curves 
of surface potential plotted against tempera- 
ture followed various paths, some of which 
were bent upwards. In such a range of tem- 
perature, the association of silver vacancies 
and cadmium ions may have a role to play 
and the curve would bend downwards and 
its slope would become gentler, which is con- 
trary to the present results. It was confirmed 
that surface potential is higher in lower range 
of vacuum than in higher range of vacuum, 
so that gases absorbed on and near the free 
surface may be contributing to these phe- 
nomena, for which we have not a definite 
interpretation. The logarithm of the con- 
centration of Frenkel defect in silver chloride 
plotted against 10°/T which was obtained by 
Ebert and Teltow” seems to consist of two 
lines and the slope of the line below 280°C 
decreases corresponding to the value of the 
formation energy, 1.27eV. According to the 
present results, the curve seems to retain the 
same slope down to 170°C. 
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From the Eq. (1), it is apparent that the 
concentration of Frenkel defect at knee point 


temperature is equal to the concentration of J 
impurity cations which replace silver ions at | 


lattice sites. The concentration of Frenkel 
defect so obtained is several times higher 
than that obtained by ionic conductivity meas- 
urements”, as was the case in silver bromide 
crystals. A part of the discrepancy might 
have been caused by errors in the tempera- 


ture measurement on the surface of the . 


crystal in our case. 

A:A:/Bz, may be equal to the square root 
of (NiB;:/N2B:2)'-* under the assumption that 
the surface potential in the intrinsic region 
is independent of temperature. 


Fig. 2, the experimental values of A:A:2/B2 
fall within the strip bounded by the two 
curves, Ai A:2/B2=(MiB,/N2B2)"-%/? and A: Bi/ 
B2=10 X(MiBi/N2B2)"-”/?, In this tempera- 
ture range, A: and Bz may be independent 
of a, and A: is nearly equal to unity. We 
may assume that as temperature is elevated, 
the work required for taking away an electron 
on the surface to infinity will decrease and 
Az must be smaller than unity and Az is de- 
pendent on a. From Fig. 2, the maximum 
variation might be larger than 10? to 1. It 
follows that B:2 is smaller than unity and B: 
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Fig. 5. To plotted against Ty. 
below the solid line Tg= Ts. 


All points lie 


In reality, it - 
decreases linearly with temperature, and from | 


‘I 1960) 


1 is not smaller than 10-> because A, may be 
} nearly equal to unity and B: may be between 
‘| 2x 10")? and (2x 10°)-'/? when @ is 0. Then 
1 B: must be larger than one. The energy 
# level for an interstitial silver ion would drop 


‘} and that for a silver ion at a lattice site 


} would elevate as temperature rises. 

By the variation of the ionic conductivity 
} with temperature the intrinsic and the struc- 
ture-sensitive regions of silver halide crystals 
§ can be determined as well as by the variation 
| of surface potential with temperature. The 


‘| knee point temperature of the surface poten- 


yj tial curve will be higher than that of the 
logarithmic curve of ionic conductivity versus 
} the reciprocal temperature (absolute unit), 
‘| since an interstitial silver ion has larger mob- 
i ility than a silver vacancy and the mobility 
1 plays the important role only in the latter 
| curve. This point will be ascertained by Fig. 
| 5, in which Tv is plotted against Ts. Ts is 
always higher than 7c. Suffixes C and S 
denote measurements of conductivity and sur- 
| face potential, respectively. 

It is apparent under a qualitative view that 
| the intrinsic region determined by surface 
potential corresponds to that determined by 
ionic conductivity and the same for the struc- 
ture-sensitive region. 

We will now examine whether this can be 
established quantitatively. From the Eq. (1), 
we have: 

(Ero/k) xX xs=1In N1B:/N2B2—In c? 


where xs stands for the reciprocal of Ts, 
which is the knee point temperature deter- 
mined from the surface potential measure- 
ment. The specific conductivity for silver 
chloride —o— is determined by the following 
equation® : 

(aN ee Ge) 


o=onpy/ (se ) pane els 


where o> stands for the intrinsic conductivity 
which would be displayed by an ideally pure 
crystal, and we denote the concentration of 
Frenkel defect in such a crystal by yo and 
the ratio of the mobility of an interstitial 
silver ion mm to that of a silver vacancy / 
by ¢. 

In the intrinsic region, where yo>c 


o=0o=—Neviot)us2 


where N is the number of silver ion lattice 
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sites per unit volume and —e is electronic 
charge. 


In the structure-sensitive region, where c> yo 


hee SCs aL. 
yole+1) 
/4, #2, and yo contain reciprocal temperature 
only in the exponential function. Then, o 
versus 1/T curve will be a straight line in 
each region. The knee point will be deter- 
mined by extended lines, where extrapolated 
values of conductivity are equal, and we have 


Ni Bi/N2B2 exp —(Er0/kTc) x (g+1)2#=c?. (2) 
Then, we get 
Xe=Xst+3.99 x 10-4/E xo log (9 +1) 


where Evo is the formation energy at 0°K in 
electron volt unit. From this relation we 
can obtain the mobility ratio gy, which is 
plotted against 103/T in Fig. 6. ; 
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Fig. 6. The logarithm of the ratio of the mobility 
of an interstitial silver ion to that of a silver 
vacancy as a function of 103/T. Ebert and 
Teltow’s values?) are denoted by solid circles 
and our results are denoted by crosses. Except 
for “pure” samples, the values of g are ina 
resonable range with fluctuation and show a 
tendency to increase with decreasing tempera- 
ture. 


The values of g have a tendency that they 
seem to increase as temperature decreases. 
The calculated values are subject to great 
error since they are determined as a small 
difference between the reciprocal temperatures 
of two knee points, both of which are deter- 
mined with some uncertainty on the experi- 
mental curves. 


2006 


With such uncertainty in mind, values of 
gy may be in a resonable range. 

These results showed merely qualitative 
correctness of our interpretation about surface 
potential variation with temperature. How- 
ever, a remarkable difference does appear 
between y’s for samples doped with a little 
amount of cadmium ions and undoped sam- 
ples. The knee point of “pure” samples is 
at about 180°C in the case of surface potential 
but is below 100°C in the case of ionic con- 
ductivity. The knee point in ionic conductivity 
of a specimen doped with 1.25 Mol.-% of 
cadmium is at about 150°C and the value of 
y for it is a resonable one. The knee point 
of an undoped specimen is at about 80°C and 
gy seems to be large though we have no ac- 
curate knowledge of g at such a low tem- 
perature. This difference seems to be at- 
tributed to the facts that in higher temper- 
ature range the curves for “pure” specimens 
do not overlap those for doped ones. If the 
former is displaced to overlap the latter, g 
would be reduced from 90 to 20. 

In the case of AgBr, the same results were 
obtained, that is, the knee point temperature 
obtained from surface potential is higher than 
that from ionic conductivity, and the ratio of 
mobilities is smaller than that by Teltow. 
Also the discontinuity of the knee point tem- 
perature between “pure” and a little-doped 
samples appeared in ionic conductivity meas- 
urements. 

With increaseing amount of cadmium doped 
into the crystal, the ionic conductivity de- 
creases and attains to the minimum, and then 
increases?). So, doped cadmium ions make 
the logarithmic curve of the ionic conductivity 
versus the reciprocal temperature complex 
near the knee point. Our experimental tem- 
perature range might be in such a peculiar 
range, and if the range is extended to higher 
temperature, the discrepancy would disappear 
and all curves would overlap one another. 
In suce temperature range, the polarization 
makes measurement difficult and measure- 
ments in such a range did not been carried out. 

The size of specimens are about 3x2x2 
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(mm), and undesirable stress field may remain 
to change yu and #2. It is desirable to use 
large and well-annealed samples. Stress field 
may have contributions to both measurements 


which are not controlled, and make ¢ fluctu- | 


ate. The dislocations in a specimen doped 
with Cd may trap interstitial silver ions and 
make the conductivity decrease. 


The surface potential measurements were | 


| 


carried out in vacuum, and the ionic conduc- © 


tivity measurements in air. 
former’s knee point temperature with that of 
the latter, it is necessary to carry out both 
measurements in the same atmosphere. The 
specimens for surface potential were thinner 


To compare the — 


than 1mm, and the electrodes could not been | 


attached to them. We used different speci- 
mens for both measurements which were 
neighbouring parts of the sample. 

The above-mentioned three ways involve 
contradictory characters, but through these 
ways, more accurate values of g may be ob- 
tained. 
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The thermomagnetic properties of the compound Cr2As and Cu,Sb were 
investigated together with the phase diagram of Cr-As system. From 
the results of thermal and thermomagnetic measurements for Cr,As and 
Cu,Sb it was found that they show antiferromagnetic behavior with the 
Néel point at 393°K and at 373°K respectively. Their reciprocal suscepti- 
bilities obey the Curie-Weiss law in high temperature range, but a 
considerable deviation therefrom is seen just above the Néel point. From 
the Curie constant obtained by the present experiment, the effective 
magneton number were of the magetic carrier was calculated to be 3.6 
and 2.6 for these compounds, Cr,As and Cu,Sb, respectively. The total 
heat absorptions due to the vanishing of antiferromagnetic order in spin 


arrangement were 50 Cal/mol and 20 Cal/mol. 


A discussion is given on 


the origin of the above-mentioned magnetic properties. 


| §1. Introduction 

| Various types of spin ordering are expected 
to be formed” for the magnetic compounds 
with the crystal structure of CueSb type. 
Previously the present author reported! the 
| antiferromagnetic behavior of the compound 
Mn:As with this structure. Now he undertook 
to study the magnetism of the compounds 
~CreAs and Cu:Sb with the same crystal 
Structure. Since the range of existence of 
the compound Cr:As in the phase diagram of 
} Cr-As binary system was not yet clear, X-ray, 
~thermal and magnetic analyses were treid in 
the composition range near Cr2As, and, based 
on the results obtained, the phase diagram 
near this stoichiometric composition was also 
established. In the following are given the 
results of the measurement and the discussion 
on the spin ordering in CrzAs and CuzSb. 


-~§2. Preparation of the Specimen 


The specimens used were prepared by the 
usual ceramic method. Chromium (99.3%) 
and arsenic (99.9%) powder or copper (99.9%) 
and antimony (99.9%) powder were mixed in 
the desired ratio, respectively, sealed in evacu- 
ated silica tubes and then heated in an electric 
furnace. To avoid explosion of the tubes 
during heating, the mixtures were heated up 
slowly, in 72 hours from room temperature 


* Now at the Faculty of Science, Kyoto Univer- 
sity. 


to 900°C in the case of arsenide, and in 96 
hours from room temperature to 500°C in the 
case of antimonide, and they were kept at 
the terminal temperatures for 48 hours. After 
the reaction was completed they were cooled 
down slowly to room temperature. In order 
to obtain homogeneous specimens, all the re- 
action products were crushed, mixed well, 
again heated, to 900°C in the case of CreAs 
and to 500°C in the case of Cu:Sb, kept at 
these temperatures for 48 hours and cooled 
down to room temperature in 72 hours. Such 
prepared specimens, however, did not show 
any difference from the original ones in their 
magnetic properties. Every portion of the 
specimen thus obtained showed the same 
thermomagnetic behavior. 


§3. Phase-diagramatic Study of Cr—As system 


First, the change in crystal structure due 
to the composition of chromium in Cr-As 
binary system was investigated by means of 
X-ray powder method. The diffraction lines 
in the specimens with the composition CrAs 
were found to be indexed as those due to the 
orthorhombic structure with parameters q@= 
3.484, b=6.21A, c=5.73A; this result almost 
coincides with that by Nowotny and Arstad?’. 
The diffraction lines due to the orthorhombic 
structure became weak and new lines began 
appear with an increase of Cr content from 
X=1 in the formula CrrAs. The diffraction 
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angles* in the case of X=1.5 are shown in 
Table I. The intensity of the lines became 
maximum near X=1.5 and they disappeared 
near X=1.9. They are indexed as those due 
to the tetragonal system, in which @=7.05A, 
6=9.05A ,efa=T18; 


Table I. X-ray analysis of Cr3Asz. 
Target: Cu 
Intensity Scattering Index | Sin? @ > 

| = 

I @ hk Ul Observation Calculation 
w 14°45' |003| 0.0648 | 0.0651 
w 15°15’ | 202] 0.0692 | 0.0689 
vw 16°00’ |103)] 0.0760 | 0.0751 
vs 16°28’ | 220) 0.0804 0.0800 
vs | 16°54" |113)} 0.0845 0.0851 
w | 18°12) |301] 0.0975 0.0972 
vw | 199577 004) 0.1164 | 0.1157 
S45 pulien20530! mali OK4 Wu 0 1227 0.1257 
S 21°38’ |114]| 0.1359 0.1357 
s 21°48’ |231)] 0.1879 0.1372 
m | 22°38' |223] 0.1479 0.1451 
w 23°15’ |204]| 0.1558 0.1557 
va || 24°21 \at470' NOt 1700 0.1698 
m 25°56’ |105!| 0.1912 0.1908 
m 28°17! N20 51) 0.2245 0.2208 
vw | 35°39 |226] 0.3397 0.3403 
w 44°06 |118) 0.4828 | 0.4827 


On the other hand, the diffraction lines of 
the compound with the composition Cr2As 
could be indexed as those of the crystal 
structure of CusSb type and its parameters a 
and c were 3.58A and 6.25A respectively (axial 
ratio c/a=1.76); the results coincide again with 
those by Nowotny and Arstad. The diffraction 
lines of CuzSb structure were found for speci- 
mens in which X=1.6. In intermediate com- 
positions between Cr2As and Cr, the intensity 
of diffraction lines due to CueSb structure 
became weak with an increase of X beyond 
X=2.0 and new diffraction lines appeared, 
which could be indexed as those of a tetragonal 
structure with @=2.90A and c=6.25A. These 
lines became strong at about X=5, but the 
precise value of X for the compound with this 


* Cr-As system was once investigated by Nowotny 
and Arstad, but they could not ascertain the presence 
of Cr;As,; phase by X-ray analysis, so that their 
results do not agree with the present ones in Cr3;As. 
phase. 
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structure was not determined in the present 
study. In Table II is given the result of 
analysis of this structure. All the lattice | 
parameters or diffraction angles mentioned | 
above remain unchanged with the change in | 
composition. 


Table IJ. Result of X-ray analysis of a compound 
appearing near X=5 at room temperature. 
Target: Cu 
Intensity Seattenns Index | Sin? @¢ 
I 0 h k 1 |Observation Calculation 
m 19529 oni elinO) ak 0.1115 0.1124 
s 22500 ele O: 0.1405 0.1412 
s 24°12' |002) 0.1680 0.1680 
Ss PR OH me | ik iL “il 0.1846 0.1828 
s SURO | 7 Op 1 0.3180 0.3236 
m 88°45 lea 0.3940 0.3940 
Ww ADS | IO. 0.4460 0.4484 
Ww ANSI |) PAO? 0.4499 0.4496 
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Fig. 1. Phase diagram of Cr-As system. 


On the basis of these crystallographic studies, 
several phases are considered to be existing, 
that is, orthorhombic phase in a narrow range 
of composition including X=1.0, a phase with 
CueSb structure near X=2.0, a compound with | 
tetragonal structure near X=1.5 and another 
compound with tetragonal struuture near X= 
9.0. It is conceivable that two phase regions 
exist between CrAs and CrszAse, CrsAse and 
CrzAs, CreAs and Cr;As, and Cr;As and Cr. 
Based on the. results of X-ray analysis and 
the magnetic analysis which will be given in 


~ bh A 
SS SSS SS 


- ratio C/a@=V.54): 
| with those by Elander, Hagg and Westgren”. 
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the next section, a tentative phase-diagram of 
Cr-As system was constructed, as shown in 
Big. 1. 

The diffraction lines of the compound Cu:Sb 
could be indexed as those of the crystal 
structure of Cu:Sb type, its parameters a and 
c being 3.99A and 6.07A respectively (axial 
These results coincide also 


| $4. Thermomagnetic Measurement 


The measurement of the magnetic suscepti- 
bility was made by means of an automatically 
recording magnetic balance’). First the ther- 
momagnetic curve for CrAs was taken at a 
field strength of 3500Oe in the temperature 
range from the boiling point of liquid nitrogen 
to 1000°C. The result is shown by a curve in 


| Fig. 2. A peak of susceptibility was observed 


at 550°C. A similar peak was also observed 
in Cri3As. 
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. 2. Thermomagnetic curve of CrAs. 
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Fig. 3. Specific magnetization of Cr3;As, versus 
inverse square of the magnetic field. 


It was also found that the compound CrsAsz 
shows ferromagnetism. The magnetization 
curve of the compound CrsAs: was measured 
to a field strength of 10000Oe, as shown in 
Fig. 3. The magnetization varies linearly 
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with inverse of the magnetic field. And the 
saturation magnetization os was obtained by 
by extraporation. Now the o;s—T*/? curve 
(Fig. 4(A)) indicates that the saturation magne- 
tization varies linearly with T below 150°K. 
The saturation value at absolute zero of tem- 
perature obtained by extrapolating the linear 
part of the o;— T*/? curve reaches 21.0 gauss/er, 
or 0.38 us per Cr atom. Moreover, the molar 
magnetization obtained by extrapolating to 0°K 
at a magnetic field of 8000 Oe changes with Cr 
concentration, as given in Fig. 5, showing that 
the magnetization increases linearly from the 
composition of 50% Cr, reaches its maximum 
at CrsAse, and then decreases again linearly 
until it vanishes at 67.89% Cr (near Cr2As). 
Such an aspect confirm the existance of two 
phase regions between CrAs and CrsAsz and 
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Fig. 4. (A) Thermomagnetic curve (ferromagnetic 
range) of Crz3Ass. Where the scale of vertical 
axis is common for two curves. 
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between CrsAs: and Cr2As, as shown in Fig. 1. 

On the other hand, the thermomagnetic curve 
of this compound under a magnetizing field of 
8000 Oe is shown by the curve in Fig. 4(A), 
showing that the Curie point lines at —60°C. 
The susceptibility of the compound above the 
Curie point was found to change like as a 
ferrimagnetic compound (Fig. 4(B)). From the 
Curie constant obtained from the slope of the 
1/xa—T curve at high temperature, the effective 
magneton number per Cr ion was calculated 
to be 2.0. If the Landé factor is assumed to 
be 2, the mean spin quantum number S will 
be 1.2/2. According to Haraldsen®’, the satura- 
tion value and effective magneton number of 
CrzAs2 were 0.68 zz and 2.3 per Cr atom, which 
are somewht different from the present result. 
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Fig. 5. Saturation magnetization varsus Cr concen- 
tration. 
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Fig. 6. Reciprocal susceptibility versus tempera- 
ture of Cr, ,As. 
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The result of thermomagnetic measurement | 
for Cre :As* at a magnetic field of about 3500 | 
Oe in the temperature range from the boiling | 


point of liquid nitrogen to 1000°C is given in 


Fig. 6. The peak of susceptibility at 120°C | 
seen from the same figure is attributable to. 
the compound with CueSb structure (compound > 


Cr2As). As shown in Fig. 6, the reciprocal 
susceptibility of Crz.:As decreases linearly with 
the lowering of temperature in the high tem- 


perature range, but it falls more rapidly just — 
above the point of susceptibility maximum, as 


in the case of Mn2As. 
The thermomagnetic curve for Cr;As in the 
magnetic field of about 35000Oe in the tem- 


perature range from the boiling point of liquid | 


nitrogen to 1000°C is shown in Fig. 7. The 
magnetic anomaly at 120°C is due to the 
contamination of the compound Cr:As, and 
the magnetic anomaly at 700°C is attributable 
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Fig. 8. Reciprocal susceptibility versus tempera- 
ture of Cu,Sb. 


* The composition given here is based not on 
the chemical analysis but on the charged content, 
so that we can not attach too much significance to 
non-stoichiometry of the composition. 
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to the phase richer in chromium. All these 
results are considered to confirm the phase 
diagram mentioned in the previous section. 

Next, the thermomagnetic curve for CusSb 
under the magnetic field of about 3500 Oe in 
the temperature range from the boiling point 
of liquid nitrogen to 1000°C is Figs 8) It 
shows a peak of susceptibility at 100°C. Just 
above the temperature of maximum sucepti- 
bility the inverse susceptibility falls rapidly 
with the lowering of the temperature just as 
in the case of CreAs and Mn:As. 
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Fig. 9. Specific heats of Crz.,As and Cu,Sb versus 
temperature. 


The measurement of the specific heat near 
the maximum point of susceptibility of the 
compound Crz::As and Cu:zSb was made by 
means of an adiabatic caloriemeter, the de- 
tailed discription of which is given elsewhere®. 
The results of measurement are shown in Fig. 
9. The anomalous peak of the specific heat 
at about 120°C for Crz :As and at about 100°C 
for CuSb are considered to correspond to the 
susceptibility maximum of these compounds 
respectively, and total heat absorptions at 
these points are estimated to be 50 and 20 
Cal/mol of Cr and Cu, respectively. 


§5. Discussion on the Antiferromagnetic Be- 
havior of Compounds Cr:As and Cu:Sb 


Now a suggestion is made here that the 
peak in susceptibility at 120°C in the case of 
Crz:As and at 100°C in the case of CuzSb 
can reasonably be attributed to the antiferro- 
paramagnetic transition in the spin ordering 
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in this type of crystal lattice. The tempera- 
ture dependence of susceptibility above the 
maximum point in these substances shown in 
Fig. 6 and 8 may be expressed as follows: 


1g 22067 13.6 x 103 
van 1.61 T—360 
for the case of CrzAs GD 
and 
1 _ 7+1694. 14.5 10° 
Xu 0.85 T—290 
for the case of CusSb (QZ) 


Now the lattice for cations in CuSb type 
crystal is divisible into two sublattices, and if 
different kinds of cations (s.g. Mn® and Mn*+ 
occupy both of these sublattices, respectively, 
then antiferromagnetic or ferrimagnetic order- 
ing can be expected to occur due to the proper 
exchange interaction between the ions. In 
such a case the suceptibility above the Néel 
or the Curie point is shown” to be given by 


det ett ie incrnapng i 
x ereC) Fe sia 
where 
ale, lp tN Teco 
B(CatCn) (Cz+2C4+4CuCz) 
Osher wes(y 1993 BA = 
8(Ca tC) (1-+27—46)%9 B=6i-- Bb: 
n? CluGs 
= —2 2C.4( B— 5 
T 32(C,+Cs) {C2(1—28)+2C.4(8—7)} 
and 


T aaa [(2Ca—Cz) + |nl{(Ce-+2Ca)? 


eCICH ie BOT 

In these expression Ta is the asymptotic Curie 
point, C4 and Cz, the molar Curie constants of 
both kinds of cations, respectively, and my, 
nBi1, mBz and m represent the intra- as well as 
inter-layer molecular field coefficients as is 
defined elsewhere”. By comparing expression 
(3) with the empirical expression (1) and (2), 
possible values of the molecular field coefficients 
were determined. If quintet and triplet states 
for both kinds of Cr ions (2.42 and 0.8 for Ca 
and Cz) and triplent and doublet states for 
Cu (1.24 and 0.46 for C4 and Cz) are assumed, 
then the molecular field coefficient can be de- 
termined as shown in Table III. 

For the sake of comparison the ferrimagnetic 
Curie temperature corresponding to the same 
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Table III. Coefficients of molecular field. 
. GnAc Cu,Sb 
Ca=2.42, Cs=0.80 Cs=1,24, Ce=0.46 
Sa=4)2, ga=1.80 (or Sa4=3.5/2, ga=2) S4=2/2, ga=2.22 (or S4=2.3/2, ga=2) 
Sp=2/2, ga=1.79 (or Ss=1.7/2, ga=2) Ss=1/2, gs=2.21 (or Ss=1.2/2, gs=2) 
n=—1.15X10 n=—3.71X108 n= —2.61X108 n=—6.05 x 108 
y=2.29 >=0.600 7=1.56 +=0.57 
8:+8:=2.48 &:+8:=0.87 81+ 82=1.69 81+ 82=0.82 
8:— 83] =1.86 |8:— 82|=0.24 |8:—82|=1.23 |81—8s|=0.17 
values of coefficients was calculated in both arrangement. Although, since the estimation 


cases and it can be shown that the Néel tem- 
perature corresponding to these values of coef- 
ficients is higher than the ferrimagnetic Curie 
point, and the antiferromagnetic ordering is, 
in general, stable, as compared with the case 
of ferrimagnetic ordering. But the result of 
calculation for the corresponding internal ener- 
gy of ferrimagnetic structure, based on the 
molecular field constants shown above, is lower 
than that of antiferromagnetic ordering, which 
predicts a transition from antiferro- to fer- 
rimagnetic state at low temperatures. In the 
present experiment such a transition was not 
found in either compound at least above the 
liquid nitrogen temperature, so that it may be 
interesting to extend the measuremet to lower 
temperature. It may be noted, however, that 
a slight change of molecular field coefficient 
for the case C.>Cs in the above Table can 
make the free energy of the antiferromagnetic 
state lower than that of the ferrimagnetic 
state in the whole temperature range, elimi- 
nating the possibility of the transition suggested 
above. 

Based on the present theory, the anomalous 
heat absorption of Cr:As and Cu:sSb due to 
antiferro-para transition is calculated to be 
670 and 530Cal/mol, respectively. The ex- 
perimental values seem to be smaller than 
those due to the order-disorder change of spin 


of the specific heat due to the thermal vibration 
of atoms is not rigorous, it might be possible 
that the exact value of the amount of heat 
absorption at the Néel point lies far beyond 
the present value, this is a theoretical problem 
to be studied in future. 
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The variation of the lattice dimension of the solid solution system, 
NiFe,0,-Fe,O3, and the precipitation process of a-Fe,0; therefrom were 


investigated by X-ray analysis. 


unstable inhomogeneities originating in the localized oxidization. 


annealed at certain temperatures, 


stabilized by the precipitation of a-Fe,Os. 


These quenched solid solutions possess 


When 
the solid solution tends to become 
The activation energy for 


the precipitation was found to be ca 1.03 ev. 
The solubility of Fe,03; in NiFe,0, was determined at various temper- 


atures, and the heat of dissolution 


Introduction 


§1. 

It is well known that ferrites can dissolve 
a considerable amount of ferric oxide at high 
temperatures.” » After a rapid cooling, these 
soild solutions appear to be homogeneous even 
at room temperature. However, their electri- 
cal conductivity®, magnetic field annealing 
effect® and disaccomodation phenomenon®), 
etc., are dependent not only upon their com- 
positions but also upon the process of preced- 
ing heat treatment. These properties should 
be interpreted in terms of the dissolved ferric 
oxide in these solid solutions. 

Among numerous ferrites, nickel ferrite is 
known to be the most stable with respect to 
its atomic arrangement and the valency state, 
therefore it is a suitable material for the 
study of examining the behavior of the dis- 
solved ferric oxide. In this paper, a study on 
the stability of the nickel ferrite-ferric oxide 
system against the precipitation of ferric oxide 
will be given. 

Some qualitative reports concerning such 
a precipitation have been published by other 


was found to be 1.3 ev. 


investigators® »”, but, no quantitative consider- 
ation has been reported. 


§2. Preparation of the nickel ferrite-ferric 
oxide solid solutions 


Different proportions of nickel oxide and 
ferric oxide, both of the c.p. grade were mixed 
in a steel ball mill. These mixtures were 
fired at 1300°C in air or in an oxygen atmos- 
phere for four hours, and cooled rapidly (about 
100°C/min.) to room temperature. 

The products fired in air and quenched were 
found to be a solid solution having the spinel- 
type structure if the mole ratio Fe20;/NiO, 
which we shall designate by x hereafter, was 
below 2.2. On the other hand, the products 
fired in an oxygen atmosphere and the quench- 
ed are solid soultions if x is below 1.8. 
Both of these two kinds of preparations con- 
tain large amounts of ferrous iron Fe?+. The 
amounts of Fe?+ in these solid solutions were 
determined by the chemical analysis proposed 
by Gorter and others®, and are shown in 


Table I. 


in NiFe;0,-Fe,03 solid solutions 


Table I. Contents of Fe2+ ions 
Atomic ratios of Fe2+ Atomic ratios of Kerr to 
os to the total Fe ions the total excess Fe ions 
Original mole % % 
ratios of 
Se os tana fired fired fired fired 
“ in air, in oxygen, | in air, in oxygen, 
quenched quenched | quenched | quenched 
15 5.0 4.8 | 15.8 | 14.4 
1.75 6.5 6.5 | 15.2 15.2 
| ee, 14.8 
2.00 1.6 1 Tee! i anh ; : 
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§3 The lattice constants of the solid solu- 
tions, NiFe:0.-Fe.0;, and the role of 
excess iron ions 


In order to find in what manner the excess 
amounts of ferric oxide are dissolved in the 
ferrite, the variation of lattice constant with 
the excess amount of ferric oxide was mea- 
sured. 

Using an automatic recording X-ray dif- 
fractometer, X-ray powder patterns of these 
solid solutions were taken with filtered Co- 
Ka radiation. Lattice constants were ob- 
tained by the extrapolation method against 
1/2 (cos?0/sin@+cos?0/0) using a number of 
diffraction peaks at high angles, which were 
calibrated with pure Si (99.99%). 

The results are shown in Fig. 1, where the 
unit cell dimension @ is plotted as a function 
of the excess amount of ferric oxide; curve 
(1) is for the specimens fired and quenched 
in the oxygen atmosphere, and curve (2) is 
for the ones in the air. 
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Fig. 1. Lattice constants of quenched NiFe,O, 


-Fe:O3; soild solutions. 

(1) Specimens fired at 1300°C in the oxygen 
atmosphere 

(2) Specimens fired at 1300°C in air 

(a) Calculated values using “ Vegard’s law” 
-assumtion (a)- 

(b) Calculated values using “ Vegard’s law” 
-assumption (b)- 


In order to accomodate the excess amount 
of Fe**, the following there processes may 
take place: 

(1) Soild solution of magnetite phase (re- 
duction of Fe®+ to Fe*+) 

(2) Soild solution of y-haematite phase 

(3) Precipitation of a-Fe:Os. 

Since the ionic radius of Fe*+ ion is larger 
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than those of Ni?+ and Fe®* ions, the solid 
solution of magnetite phase will be followed 
by an expansion of the lattice (@magnetite-@nickel- 
ferrite =0.06A).. The solid solution of y-haema- 
tite phase may lead to a contraction of the 
lattice (Gnicxel-ferrite~@y-haematite =Q.03A) 0: Using 
“Vegard’s law”, and assuming the concentra- 
tions of Fe®+ ions determined by the chemical 
analysis, the lattice constants of the air-fired 
specimens having different x-values were cal- 
culated in two ways, based on the following 
two assumptions (a) and (b). Namely, the 
lattice dimensions change in proportion to the 
molar fraction of 

(a) both the magnetite and 7y—-haematite 

phases, 
or 

(b) the magnetite phases alone. 

Results are shown in Fig. 1, by the curves 
(a) and (b). Observed values agree fairly 
well with the calculated values for (b). This 
suggests that the contraction effect due to the 
presence of y—-haematite phase is not large in 
these solid solutions. 

On the other hand, the lattice constant of 
the specimens fired in the oxygen atmosphere 
is always larger than that of the air-fired 
specimens with equal amounts of excess ferric 
oxide. This fact can not be explained by the 
assumption given above. 

Ferric oxide tends to be more reduced at 
higher temperatures. It is expected that, 
during the process of rapid cooling, the oxidi- 
zation of the solid solution localizes on the 
surface of each individual grain. But, when 
the localized ferric oxide does not crystallize 
sufficiently or when its amount is less than 
2~3% of the spinel matrix, it is impossible 
to detect the precipitate positively by the X- 
ray analysis. In this case, the observed value 
of the lattice constant of solid solution may 
be larger than that calculated by assuming a 
homogeneous ferrite-magnetite-haematite solid 
solution, with equal amounts of both the Fe?+ 
ions and the excess ferric oxide. It is ex- 
pected that, in the oxygen atmosphere, such 
a formation of localized precipitation on the 
surface of grain is larger than that in the air. 
Because of this effect, the lattice constants of 
the oxygen-fired specimens may tend to be 
larger than those of the air-fired specimens. 
Even in the air-fired specimens, their lattice 
constants may be larger to some extent than 
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the calculated values by this effect. 


§4 Precipitation of a-ferric oxide from the 
solid solutions 


As stated in the preceding chapter, the 
quenched solid solution possesses a somewhat 
unstable inhomogeneity. In order to consider 
the stability of these solid solutions, precipi- 
tation processes of a-ferric oxide therefrom 
were investigated in various annealing con- 
ditions. 


4-1 Temperature dependence 

The solid solutions obtained by quenching 
were heated in air at temperatures between 
room temperature and 1300°C, followed by a 
slow cooling. The rate of heating and cool- 
ing were about 1°C/min.!” in these cases. 
The amounts of crystalline phases in these 
powders at different temperatures were 
measured continually using a high temper- 
ature X-ray diffraction camera with Co-Ka 
ray. 

Within a certain definite temperature region, 
each specimen was found to contain a-ferric 
oxide, precipitated from the solid solutions. 
The amount of precipitated ferric oxide was 
determined from measurements of the intensi- 
ty ratio of (111) of a-Fe:O; to (220) of the 
spinel matrix. A calibration curve prepared 
from the measurements of unheated mixtures 
of a-ferric oxide and nickel ferrite in various 
mole ratio was used. 

Results obtained can be summarized as fol- 
lows (see Fig. 2): 

(1) It was found that the precipitation of a- 
ferric oxide first occurs at about 550°C. 

Between 800°C and 900°C, the amount 
of precipitation reaches a maximum value, 
which is nearly equal to the amount of 
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Fig. 2. The temperature dependence of the pre- 
cipitation of a-Fe,0; from NiFe,O;-Fe:03 solid 
solution. 

(a) NiFe,0,-Fe203 
(b) NiFe,0,4-(0.5)Fe2Os 
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the excess portion of ferric oxide con- 
tained in each solid solution, NiFe2O, 
—Fe:O3. 

(3) As temperature becomes higher than 
900°C, the amount of precipitated a-ferric 
oxide decreases. This means that the a- 
ferric oxide becomes again soluble in the 
nickel ferrite at high temperatures. The 
precipitation disappears completely at 
about 1250°C. 

(4) When a specimen is slowly cooled from 
higher temperatures, the precipitation of 
a-ferric oxide begins to occur at about 
1200°C. At about 800°C, the precipitation 
appears to be complete. Below 800°C, 
the amounts of the precipitates remain 
constant down to room temperature. 

4-2 Time dependence 

The precipitation of a-ferric oxide from the 
quenched solid solution depends not only 
upon the annealing temperature but also upon 
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Fig. 3. The time dependence of the precipitation 
of a-Fe,0O3; from NiFe:O,-Fe,03; solid solution. 
(a) NiFe,O,-(0.5)Fe,03 
(b) NiFe,O,-(0.75)Fe,03 
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the time during which the specimen is an- 
nealed. 

After various annealing times at certain 
definite temperatures, the specimens were 
quenched in air to room temperature in order 
to stop the precipitation. The rates of precipi- 
tation were determined by the same method 
that was used in the study of the temperature 
dependence. Results are shown in Fig. 3 (a) 
and 3 (b). In Fig. 3, the amount of the pre- 
cipitated a-ferric oxide, expressed in mole 
fraction in the solid solution, is plotted as a 
function of reaction time for different anneal- 
ing temperatures. With a specimen annealed 
at about 900°C, the precipitation completes 
after about one hour. 

In these cases, end values are always nearly 
equal to the excess amount of ferric oxide 
contained in the initial solid solution. But, 
when the annealing temperature is higher 
than 1000°C, the amount of precipitate reaches 
very rapidly a certain saturation value, which 
is smaller than the amount of excess ferric 
oxide contained in the initial solid solution. 
It is likely that the equilibrium take place 
between the solid solution and the precipitate 
at these temperatures. 


4-3 Analysis of the experimental results 

The kinetics of the growth of precipitates 
will be discussed briefly. If each individual 
grain of the specimen possesses an equal proba- 
bility for the precipitation and the rate of 
precipitation is simply proportional to the con- 
centration of dissolved ferric oxide in the solid 
solution, then we have, 


dn 
SEE he p= 
oP Kkid—n), 


where » is the fraction of the precipitated 
a-ferric oxide to the initial amount of ferric 
oxide dissolved in the ferrite, and Ki is the 
rate constant of precipitation. If Ki is inde- 
pendent of m, then 


eD 


i 
ds Eh eon 
1—n ; 
Regarding Ki as a constant of reaction for 

the precipitation, it may be expressed 


Ki=Ko exp(—Ea/kT) . (39) 
Using these equations, log {1/(l—m} vs. ¢ 
and log Ki vs. 1/T curves are calculated from 


the experimental results. They are shown in 
Figs. 4 and 5, suggesting that equations (2) and 
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Fig. 4. Ratio of the total amounts to the unpre- 
cipitated amounts, of the excessively dissolved 
Fe,Oz, versus the time of annealing. 

(a) NiFe,O,-(0.5)Fe,03 
(b) NiFe,O,-(0.75)Fe.0; 
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ciprocals of the absolute temperatures. 
(a) NiFe,O, . (0 . 5)Fe,03 
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(3) are approximately valid for our present 
experiments. The activation energy, Ea, is 
found to be about 1.03 ev. 


§5 Solubility of the a-ferric oxide in the 
nickel ferrite 


Let us assume that the solubility of a—ferric 
oxide in a nickel ferrite can be expressed by 
the same way as that of a solid in a liquid 
phase. Then, the equilibrium solubility of 
a-ferric oxide in a nickel ferrite as well as 
its temperature dependency may be expressed 
by the following equation, 


(Csat)= A -exp {—(dHsat)/RT}, (4 ) 


where (Csaz) is the mole fraction of ferric 
oxide in a saturated solid solution, and (4H sa,) 
is the heat of dissolution of a@-ferric oxide in 
the saturated solution of nickel ferrite-haema- 
tite. 

Using this equation, log(Csat) vs. 1/T 
curve is calculated from the experimental 
results obtained for a solid solution having 
the mole ratio 1:1 (i.e., x=2), and is shown 
in Fig. 6. From these results, the heat of 
dissolution is estimated to be approximately 
ARSTeN:. 
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Fig. 6. Solubilities of a-Fe,03 to NiFe,O, versus 
the reciprocals of the absolute temperatures. 


§6 Conclusion 

For the nickel ferrite-haematite solid so- 
lution system, the variation of the lattice di- 
mention, the precipitation and redissolution of 
a-ferric oxide were investigated by X-ray 


Ferrite-Haematite Solid Solutions 


2017 


analysis. Conclusions drawn from these in- 

vestigations are as follows: 

(1) These solid solution systems, which are 
obtained by quenching, possess somewhat 
unstable inhomogeneities originating in the 
localized oxidixation on the surface of 
grain. 

(2) Above ca. 600°C, these solid solutions 
tend to become stabilized by the precipi- 
tation of a-ferric oxide. 

(3) At relatively low temperatures, the reac- 
tion rate for the precipitation depends 
upon the amount of the dissolved ferric 
oxide in the solid solution. The acti- 
vation energy for the precipitation is about 
1.03 ev. 

(4) At high temperatures, a definite amount 
of a-ferric oxide is soluble in the ferrite 
in a state of thermal equilibrium. -The 
heat of dissolution in this process is found 
to be 1.3 ev. 
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Crystallographical properties of the chemically prepared powder samples 
of Ag,O and Cu,O were investigated by an X-ray diffractometer, in 
relation to their bonding characters. The lattice constant is 4.720+0.004A 
for Ag,O and 4.268+0.001A for Cu,O. The thermal expansion coefficient 
of the lattice is 1.9x10-6 for Cu;0. The root-mean-square amplitude of 
the thermal lattice vibration is determined as 0.26A for Cu,O and 0.40A 
for Ag,O at room temperature. The mean lattice strain is 1.4% for Ag,O 
and 0.15% for Cu;,O, respectively. The thermal decomposition of Ag,O 
was also observed. The obtained results suggest that the binding force 
between metallic and oxygen atoms is much weaker in Ag,O than in 
Cu,0, which can not be expected from the purely ionic model for the 


present crystals. 


§1. Introduction 
The crystal structure of cuprous oxide (CuO), 
which is known as of the cuprite type’, has 
a cubic symmetry with copper and oxygen 
atoms in the unit cell at the positions as 
follows: 
oxygen: 


copper: 


(1/4, 1/4, 1/4) (3/4, 3/4, 3/4) 

Ome WO AWVZe Wy up Ose ye) 
CyB lye), 

Each oxygen atom is surrounded tetrahedrally 
by four copper neighbours, while each copper 
atom has two oxygen neighbours at equal 
distance. 

The nature of the bonding in this crystal 
structure has been discussed sometimes by 
ionic model and sometimes by co-valent model. 
Pauling proposed that the co-valent bonding 
is more important in the CuzO-type structure”. 
In fact, if oxygen atom is a doubly charged 
positive ion, the sp bonds in four directions 
may form the tetrahedral frame-work of the 
crystal. 

On the other hand, there are some experi- 
mental facts favouring the ionic model. For 
instance, spectroscopic analysis®, quadrupole 
resonance study” and measurement of dielectric 
dispersion® are explained fairly well by the 
ionic model. 

Silver oxide (Ag:O) is the only substance 
possessing the cuprite type structure besides 
cuprous oxide.*.** Like CuO, Ag:O is known 
to be semiconductive and show a photocon- 


ductivity. However, Ag2O and Cu.O are quite 
different in stability. The melting point of 
the latter is as high as 1236°C®, while the 
former begins to decompose at about 200°C. 
Such a large difference in stability suggests 
that the binding energy of the Ag:O lattice 
is too smaller than that of the CuO lattice 
to be explained by assuming the ionic models 
for both structures. 

In the present work, the properties of Ag:O 
and CuzO were investigated by the X-ray 
diffraction method in order to clarify their 
bonding character. In this paper, a study 
dealing with thermal lattice vibration, thermal 
expansion, lattice strain of both specimens 
and thermal decomposition of Ag2O is reported. 
The study of the electron distribution in the 
structure by an accurate intensity measure- 
ment will be reported in a subsequent paper. 


§2. Samples 
The red fine powder samples of CuzO, sup- 


*) It is reported that lead mono-oxide (Pb20) 
also belongs to the cuprite type structure. However, 
there seems to be some ambiguity about its struc- 
ture.®) 

***) Since gold oxide (Au,O) may exist,?) an at- 
tempt to prepare the mono-oxide of gold by applying 
some intense oxidizing agents was tried in relation 
with the present work, but the X-ray diffraction 
examination showed only a diffuse halo pattern with 
its first intensity maximum at the scattering angle 
of 33° and the second small maximum at 60°. 
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- its rate-meter and scaler. 


. diations were also used when necessary. 
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plied from the Furukawa Mining Company, 
were prepared by dehydration and desiccation 
of the copper hydrate deposits which were 
obtained in the course of electrolysis of copper 
in NaCl solution. 

The black powder samples of Ag.O, supplied 
from the Tokuriki Noble Metal Company, were 


| prepared by the neutralization of AgNO; with 


NaOH. The oxidation of Ag is difficult® and 
the above method is the only known procedure 
for preparing an appreciable quantity of the 
sample. In this procedure, too less NaOH 
produces a mixture of Ag2O and Ag»COs, while 
too much NaOH results in the reduction of 
AgNO; to Ag. The adequate quantity of 
NaOH against AgNOs was controlled by X-ray 
examination of the prepared specimens. 

The diffraction patterns and the X-ray fluo- 
rescent analysis of the present samples showed 
no trace of impurity. The particle size of 


the samples observed by a microscope is about 


one micron for CuzO and about two microns 
for Ag.O. Such a particle size is small enough 
for a flat specimen of the diffractometer. 


Instrumentals 


For convenience of surveying many samples, 
the Norelco X-ray diffractometer was used with 
The measurements 
were performed mainly with the Cu Ka ra- 
diation filtered by a nickel foil of 0.013mm 
thick, although Mo, Fe, Co and Cr Ka ra- 
A 
proportional counter was employed as radiation 
detector. The study of the thermal expansion 
and of the lattice vibration were performed 
with low- and high-temperature attachments. 
The cooling was achieved by the gas flow 
generated from liquid nitrogen, by controlling 
the evaporation rate of nitrogen with an elec- 


- tronic heater immersed in a Dewer flask’. 


For heating, an electronic furnace was set up 
behind the sample holder. By these attach- 
ments the temperature of the samples could 
be changed from —150°C to 200°C. 


§4, Lattice Constant and Thermal Expansion 


For the determination of the lattice constants, 
the higher angle reflections (400), (331), (420), 


(422) and (511)+(333) of CuzO and (400), (331) 


and (420) of AgxO were used. The observed 
value of the lattice constant 4.720-+0.004A for 
AgoO and 4.268+0.001A for CuzO coincides 


On the binding properties of CuzO and Ag2O0 


2019 


within the experimental error with the re- 
ported values by previous workers, 4.720A for 
Ag2,O” and 4.269A for Cu.O™. 

The variation of the lattice constant was 
measured in the temperature range between 
—150°C and 200°C. The thermal lattice ex- 
pansion coefficient of CuO estimated by the 
(511) +(333) reflection is 1.9x10-*°.% The value 
for the bulk crystal of CuezO was reported as 
2.8~1.8 x 10°?) 

For Ag2O, the expansion coefficient could not 
be determined precisely due to the broadening 
of lines, and was estimated as the same order 
with that of CuO. 


se Ag20 
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Cc 
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o 
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-100 ) 100 200°C, 
Temperature (T) 
Fig. 1. Thermal expansion of lattice. 


The powder samples of Ag and Cu were 
also measured for instrumental calibration 
under the same condition. The observed ex- 
pansion coefficient is 1.0x10-> for Ag and 
1.7x10-> for Cu, respectively, and agrees well 
with the reported values of 0.9610-° for Ag 
and 1.71x10-> for Cu. The variation of the 
lattice constant of the specimens against the 
covered temperature range is shown in Fig. 1. 


§5. Thermal Decomposition of Ag:0 


A continuous observation of the thermal 
decomposition of sputtered Ag:O by means of 
the electron diffraction method has been for- 


*) This value coincides approximately with the 
unpublished value 2.3x10-§, obtained by T. Take- 
naka in Prof. S. Miyake’s laboratory with the use 
of the X-ray photographic method. 
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merly reported. In the present experiment, 
the decomposition process of Ag2O was followed 
quantitatively by X-ray diagram. The powder 
samples of Ag2O were packed into a specimen 
holder and kept at temperatures, say 100°C, 
150°C and 200°C, for about 20 hours in an 
electrical furnace and then the samples were 
examined by the X-ray diffractometer at room 
temperature. As shown in Fig. 2(b), the lines 
of Ag appeared and, at the same time, the 
intensity of Ag2O-lines at low angles dimi- 
nished gradually by the heat treatment. After 
the heat treatment above 220°C, the pattern 
showed only the lines of Ag. 

As is well known, CuzO does not decompose 
but is liable to oxidize by heat treatment. 

The observed intensity-decrease of the Ag2O- 
lines at low angles can be explained by assum- 
ing that the decomposition proceeds from the 


Fig. 2. Debye-Scherrer diagram’ ‘of Ag.O: 
150°C for 20 hours. 
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surface to the interior of the sample. Let x | 
denote the ratio of the Ag,O quantity in a | 
small volume dV at the depth y from the | 
surface of the samples to its initial quantity. 
x is considered to be a decreasing function of 
y, and we assume, for simplicity, the following 
exponential form, 

x=1-—(l—a)e-”, | 
where a and 0 are appropriate constants. 
Then, the diffracted intensity dl’ from AgeC 
in that part is 

dl ={1—(1—a)eJe "dV, 

where s denotes the optical path length in the 
sample and yu the linear absorption coefficient 
of the sample. The absorption coefficient ot 
the mixture of AgsO and Ag is assumed to 
be equal to that of Ag2,O. Then the integrated 
intensity J’ froma heat-treated sample is given 


i ,82°(26) 


—Ag,0(3 11) 
~~ Ag(220) 


_— Ag (200) 


Ag (200) 
aps the (11) 


SE — Ag,0(111) 


se 


~ — Ag,0(110) 
pete Kawees 


(a) before the heat*treatment and (b) after heated at 


Qu 


yea in 1 
gi Fendt 2a , 


) where @ is the Bragg angle and / signifies 


4 


the integrated intensity for the flat powder 
sample" before the heat treatment. From 


' the above equation we have 


IE __ bsind+2u 
" Noa) be 2u(1—-a) ’ 
which shows a linear relation of J/J—I to 


_sin#. This relation is confirmed to be the case 


by Fig. 3. In short, the intensity-diminution 


‘ of the Ag2O-lines at low angles is due to the 
|| thinness of the decomposed layer of Ag2O at 


f the surface of the specimen. 


t 


y: 


| 


l 


i 
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sing 
Fig. 3. I/I—I’ against sine, I and I’ being the 
integrated intensity before and after the heat 
treatment. 
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Fig. 4. The logarithmic ratio of the observed 
intensity to the calculated one plotted against 
sin26/2?. 


§6. Thermal Lattice Vibration 
The root-mean-square amplitude V @ of the 


thermal lattice vibration was determined by B= 3 


plotting the logarithmic ratio of the observed 
intensity to the calculated one against sin?0/2?, 
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as shown in Fig. 4. From the well-known 
relation 


in2 
Iov[ Tear =const- exp (= 2B are 

B can be obtained by the slope of the plot. 
For cubic crystals B is related to @ as follows: 
eo 

3 
where w;” signifies the mean square-amplitude 
of vibration in a particular direction. The 
theoretical value of the intensity was calculated 
by the relation 
—_¢ ltcos? OR ars 

cos@ sin?4 


B 


ie —O7n Ws ’ 


Te .1 


? 


where F is the structure factor, j is the 
multiplicity of the diffraction, @ is the Bragg 
angle and C is the constant depending on the 
intensity of the incident X-ray beam. The 
structure factor F was calculated using the 
atomic scattering factors of copper and oxygen 
computed by Berghuis ef al”, and that of 
silver computed by Thomas and Umeda. 
The dispersion effect of Ag and Cu atoms for 


Table I. The calculated and observed values of 
the integrated intensities and the rms amplitude 
of the thermal vibration 7/% at room tempera- 
ture. The theoretical values, taking no account 
of temperature effect, were computed by the 
relation in §7. The constant C is put 400 only 
for the convenience of the calculation. The 
observed value of (222) is normalized to the 
theoretical value. 


hkl Cu,0 Ag:,O 
Teat Tov Teat | Ton 
110 154 291 164 720 
at 3145 4783 10244 17260 
200 1230 1653 4336 10400 
220 1123 1367 3892 5960 
311 1019 1089 4016 4050 
222 244 244 1028 1028 
400 165 147 628 498 
331 483 350 1824 947 
420 405 241 1556 704 
422 | 585 343 
oe 869 396 
bate: | 1.75 A2 4,25 Az 
Ve 0.26A 0.40 A 
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the Cu Ka radiation was corrected by the 
tabulation given by Dauben and Templeton’. 
The values of ei, Io, B and /# for room 
temperature are tabulated in Table I. 

The influence of the extinction effect on the 
observed intensities was studied by using the 
Ka radiations of Mo, Cu, Fe, Coand Cr. For 
Cu.O0, the ratio of the F-values of (111) re- 
flection to that of (222) was plotted against 
the various wave lengths. For Ag,O, the 
ratio of (111) to (811) was examined, since its 
(222) reflection for Cr Ka was too weak. The 
above ratios were nearly constant within 
the standard deviation of about 6%, and no 
dependence on the wave length could not be 
recognized. It is thus assumed that the effect 
of primary extinction is not appreciable in the 
present samples. Secondary extinction was 
assumed to be negligible for these fine powder 
samples. 

The thermal lattice vibration was observed 
in the temperature range between —150°C 
and 200°C. Since, as was described in the 
previous section, AgeO begins to decompose 
above about 100°C, the surface of the flat 
specimens was covered with a thin Myler foil 
of 0.01mm thick in order to prevent the 
thermal decomposition. The Myler foil was 
also used for the measurements on Cuz0 and 
Cu in order to prevent the oxidation. The 
absorbing effect of the foil was corrected at 
low diffraction angles. The rms amplitudes 
for the various temperatures are shown in 
Fig. 5, together with those for Ag and Cu 
obtained by the same procedure. The values 
of //#, 0.14A for Cu and 0.16A for Ag agree 
well with the reported values of 0.145A and 
0.16A for Cu and Ag, respectively’. The 


~100 0 


Temperature (C) 


100 200°C 


Fig. 5. The change of the rms amplitudes with 
temperature. 
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observed values of the rms amplitude of Ag»O 

is remarkably large, as can be expected from 

the diffracted pattern shown in Fig. 2(a), in 
which the intensities at higher angles are 
strongly reduced. 

For a crystal containg two kinds of atoms, 
as is the present case, the mean amplitudes 
of vibration are to be determined separately 
to each atom. The above obtained value of | 
/ a? should be regarded as an empirical quantity 
representing an average for metallic and oxygen - 
atoms in the crystals. Ina similar sence, the 
Debye characteristic temperature 0 of an em- 
pirical meaning can be determined from the 
mean-square ampliture #?, using the relation 

z= Of? T 

47°k m@? 
where x=7/90, ¢(x) is a function relating to 
the frequency distribution of lattice vibration 
evaluated by Debye, k the Boltzman constant 
and m the mean atomic weight. The obtained 
value of @ are tabulated in Table II. The 
temperature dependence of a? can be appro- 
ximately put #=aT, as is known from the 
above relation. The constant a is related to 
the elastic constant?”, and determined to be 
1.3x10-*° for CuzO and 6.0x10-* for AgO. 
The value of a@ for NaCl is reported to be 
Doel Ome cee 


) 


one 


Table II. The Debye characteristic temperature 


of Ag,O and Cu,0. 


Ag,O 


Cu,0 | 
mC) @ (°K) | @ (°K) 
—130 176 | 85 
17 180 | 90 
190 | 190 | 95 


§7. Lattice Strains 


Diffraction lines from Ag.O were very broad, 
as an example is shown in Fig. 6. It was, | 
therefore, expected that the chemically pre- 
pared samples might contain lattice strain. 
The strain distribution in the present samples | 
was measured by the line broadening analysis. 
To obtain the integral breadth, the broadening 
due to the Ka doublet was corrected by the | 
method of Jones®®. The instrumental broaden- | 
ing was calibrated by the standard strain-free | 
specimens of*silicon. | 

If both the particle size and the strain effect 


1960) 


are present, the line breadth 8 is in most 
cases expressed by the following linear equa- 
tion?” 


BcosO=24/e+27 sind, 


where e, 4, y and @ are the particle size, the 


| X-ray wave length, the effective strain and 
_ the Bragg angle, respectively. The line breadth 


of the present samples, determined by the 


- above procedures, satisfies this relation as 
_ shown in Fig. 7. 
_may be obtained from slopes of straight lines. 


The magnitude of strain 


Recently Kuriyama showed?) that, if the 
lattice strain distribution is of a Cauchy type 


, and that of the particle size is of an exponential 


form, the above relation is strictly correct. 


Ag (il) 


(26) 


38.5° 


37.5 38.0 


Fig. 6. Line breadth of Ag,O in comparison with 
Ag. The maximum values are adjusted to the 
same level. 
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Fig. 7. Angular dependence of the integral line 
breadth. 
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The mean strain found in this way was 1.4% 
for AgsO and 0.15% for CuO. By annealing 
the samples, these strain decreased to about 
one half of the initial values, but did not 
disappear. The electrolytically prepared pow- 
der samples of Ag and Cu are also measured 
and both samples showed no lattice strain. 


§ 8. Conclusion and Discussion 


The experimental results can be summarized 
as follows. The thermal lattice expansion 
coefficient of Cu2O is 1.9x10-* and the same 
order is estimated for Ag2O. The rms ampli- 
tude of the thermal lattice vibration //# is 
0.40A for Ag:O and 0.25A for CuzO at room 
temperature. The lattice vibration of Ag:O 
is comparatively large even at room tempera- 
ture and becomes as large as 0.5A at about 
200°C, as is shown in Fig. 6. The mean 
value of lattice strain, so far as the examined 
samples are concerned, is 1.4% for Ag2O and 
0.15% for CuO, respectively. The former 
substance decomposes at above 100°C. The 
decomposition begins from the surface of the 
specimen and at about 200°C Ag2O decomposes. 
nearly completely. 

The large lattice strain observed in Ag:O 
seems to be ascribed to lattice deffects, for 
instance such as those caused by isolated silver 
which is formed in the lattice as a result of 
the instability of the structure. The above 
results on thermal decomposition, thermal 
lattice vibration and the lattice strain all 
suggest that the binding force between the 
metallic atom and the oxygen atom is much 
weaker in AgeO than in Cu.0. 

As was mentioned in §1, CuxO has been 
considered in many cases to be ionic from the 
experimental facts. Taking the purely ionic 
model for both crystals, the lattice energy 
can be estimated from the Born theory by the 
use of Madelung constant for the cuprite type 
structure. The values are shown in Table III 
from the tabulation of Seitz. Calculated 
values of the lattice energy of some typical 
ionic oxides are also tabulated for comparison. 
The Table shows that the difference of the 
lattice energy between CuzO and Ag:O cal- 
culated by the ionic model is not especially 
large in spite of the marked difference in 
observed properties of the both substances. 

In this connection, it is interesting that the 
thermal lattice expansion of Ag,O and CuO 
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Table III. Crystal structure, lattice constant, melting point and the lattice energy 
calculated by ionic model of Cu,O and Ag,O, and of di-valent oxides. 


Crystal Lattice Melting Theoretical 
structure constant point lattice energy 
MgO NaCl type 4.20 A 2800°C 940 Kceal/mol 
CaO y 4.80 2572 842 
SrO ” 5.14 2430 790 
BaO y 5.2 1923 747 
Cu,0 cuprite type AO 1236 682 
decomposes 


is comparatively small, in spite of the large 
lattice vibration in them. As the result, the 
thermal lattice expansion coefficient deviates 
from Megaw’s rule?) between thermal ex- 
pansion coefficient and ionicity. Megaw’s rule 
states the following empirical relation. Let 
q denote the ‘‘electronic share’’, namely the 
charge number of a ion divided by the number 
of its nearest neighbour atoms, and a signify 
the thermal expansion coefficient, then the 
relation aq? x10®=1 holds in typical ionic crys- 
tals. For example, the values of aq? 10° for 
NaCl, CsCl and CaF. are 1.1, 0.8 and 1.2, 
respectively. This value for Cu.O, being 0.48, 
deviates considerably from unity. 

These circumstances seem to suggest that 
the purely ionic model is not adequate for the 
present crystals. It is probable that the 
cohesive energy of the cuprite type crystal is 
partly contributed by an overlap of electron 
distribution or by atomic polarization®. 


In conclusion the author wishes to express 
his thanks to Prof. S. Miyake for his kind 
permission to perform a part of this work in 
his laboratory in the Institute for Solid State 
Physics of the University of Tokyo. Thanks 
are also due to Profs. S. Miyake and S. 
Takagi and S. Hosoya and to Dr. M. Kuriyama 
for his kind discussions. This work was partly 
supported by the Scientific Research Grant of 
the Ministry of Education. 
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In electron micrographs of molybdenite films, various network-patterns 


were observed. 


They are interpreted as images of dislocation networks. 


Several electron micrographs are reproduced and remarkable features 


observed in them are explained in terms of dislocations. 


One of the 


remarkable observations is that each line of a network sometimes becomes 


broader and the network changes into a moiré pattern. 


The gradual 


change from a sharp image of dislocation to a broad moiré fringe can 


be explained by a simple consideration. 
strain accompanying the dislocation is concentrated and the latter, 


the strain is spread. 


$1. Introduction 


In the course of an experiment on epitaxy”, 
various network-patterns were observed in 
electron micrographs from molybdenite films 
evaporated with silver. Similar patterns were 
also observed for bare molybdenite films and 
it has become clear that the patterns repre- 
sent dislocation networks in molybdenite. 

In the present paper several of the electron 
micrographs are reproduced and remarkable 
features of the patterns are interpreted in 
terms of dislocations. One of the remarkable 
observations is that each line of a network 
sometimes becomes broader and the network 
changes into a moiré pattern. The gradual 
change from a sharp image of dislocation to 
a broad moiré fringe can be explained by a 
simple consideration. The former implies that 
the strain accompanying the dislocation is 
concentrated and the latter, that the strain is 
spread. 


§2. Experimental 

Thin films of molybdenite were made by 
pealing good molybdenite of Korean origin. 
Near peripheries of pealed samples, small 
transparent areas were usually found which 
were adequate for observation by electron 
microscopy. The thickness was not uniform 
and it could not be measured. In the follow- 
ing sections, thin, medium, and thick may 
correspond to a few hundred Angstroms, 
several hundred Angstroms and more than 
several hundred to a few thousand Angstroms, 
respectively. These are rough estimates from 
diffraction patterns. Thin films produce net- 


The former implies that the 
that 


patterns while thick films produce mainly 
Kikuchi-patterns. Electron micrographs were 
taken at accelerating voltages 75 or 100 kv. 
Direct magnification was about 5,000. Ex- 
posure time was a few seconds for thin films 
while for thick films a few ten seconds. 


§3. Results 


Photos. 1-4* were obtained in the course of 
an experiment on epitaxy”. The specimen 
was a molybdenite film evaporared with silver. 
Various patterns were obtained from different 
parts of the specimen. The silver deposit 
does not form a uniform film and is clearly 
observed in Photo. 2 as the fine irregular 
pattern in each cell of the network. In the 
present paper the silver deposit is not impor- 
tant. 

Photos. 5-14 were obtained from bare molyb- 
denite films. Most of molybdenite films 
produced some network-patterns which were 
usually irregular and unconspicuous. Some- 
times, however, various remarkable patterns 
were observed. The pictures reproduced in 
the present paper are some examples from an 
immense variety. 

Photos. 5-8 were obtained from thin films. 
In these pictures, extinction contours show 
high contrast. Extinction contours and _ net- 
work-lines usually move when specimens are 
first irradiated by the electron beam. After 
several minutes they become gradually sta- 
tionary. Photos. 9 and 10 were from films of 
medium thickness, and Photo. 11 from thick 


* ‘Taken in Hitachi Central Laboratory in July, 
1957. 
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Photo. 1. Ip lu Photone2: 


Photos 3: lu 


lu Photo. 4. 


Photos. 1-4. Network patterns from molybdenite-silver. 
Magnification: 15,000 for Photos. 1 and 2, 
20,000 for Photos. 3 and 4, 
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Photos. 5-7. 


9,000 for Photo. 5, 
12,000 for Photos. 6 and 7. 


Magnification 
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Photo. 8. 


films. Extinction contours are less conspi- 
cuous for thicker films. The specimen of 
Photo. 11 was so thick that it produced only 
Kikuchi bands and the incident spot was 
observed only when the anomalous transmis- 


Cy 


Thin film of molybdenite. 
Magnification: 


30,000. 


sion took place?). Photos. 12 and 13 were 
taken at high temperature of about 600°C. 
So far, only a few pictures were taken at 
high temperatures and it is not yet clear 
whether or not this type of patterns is specific 
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Photo. 10a. 


Photo. 10b. 


Photos. 9 and 10. Molybdenite films of medium thickness. 


Magnification: 15,000 for Photo. oy 
9,000 and 35,000 respectively for Photos. 10a and 10b. 


to high temperatures. 


§4. Interpretations and Discussions 


Photo. 1 is very similar to one of the images 
of dislocations obtained by Hirsch et al”. 


Photos. 9-11 look similar to network-patterns 


of bismuth tellulide obtained by Geach and 
Phillips. They have concluded that the 
patterns are images of dislocations because the 
majority of the patterns may be interpreted 
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lu Photo 13. 


Photo. 11. Thick film of molybdenite. Magnification: 9,000. 
Photo. 12. Taken at 600°C. Magnification: 13,000. 
Photo. 13. Taken at 600°C. Magnification: 21,000. 


by dislocation theory. For the same reason, 
) we also conclude that most of the patterns 
; represent dislocations. A few exceptions are 
| surface steps as explained in subsection (f) 
| (SS’ in Photos. 8 and 9). 

| (a) Distortion of extinction contours 

' Pictures similar to Photo. 5 were previously 
| obtained by Hibi® in the case of mica. Uye- 
} da® reproduced one of them and stated that 
‘the line patterns are “without a doubt due 
| to imperfections”. It has now become clear 
that the line patterns represent dislocations. 

| Extinction contours are remarkably distorted 
'across each dislocation lines when the films 
| are thin (Photos. 5-8). The same phenomenon 
} was observed by Hashimoto” for MoO; films. 
' He concluded that the distortion is due to 
‘bending of the films. We attribute the cause 
“of the bending to the stress around disloca- 
tions. Fig. 1 illustrates a rubber model of a 
! film with two edge dislocations. Regular parts 
lof the model is made merely by pasting two 
| rubber sheets on which parallel lines have 
‘been drawn. To make a dislocated part, the 


tched (upper) sheets. Keeping the lower sheet 
stretched, the two sheets are pasted together. 
When the tension stretching the lower sheet is 


| Fig. 1. Rubber model of a thin film with two 
| edge dislocations. 


(b) Moiré fringes and images of dislocations 
It may be worth-while to make clear the 
relation between moiré fringes and images of 
dislocations before going into detailed inter- 
pretations of reproduced pictures. For the 
sake of simplicity, the explanation is given 
by the use of a simple two-dimensional model. 
| Let us consider two sheets of net as shown 
\ 
| 


: 


lin Fig. 2a. Draw an arbitrary curve on one 


| 
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of them and shift the part rightside the curve 
by a Burgers vector b, resulting in a strain 
along the curve (Fig. 2b). Then superpose 
Fig. 2a over Fig. 2b so that the lattices coin- 
cide perfectly over the unstrained part (Fig. 
Zc). A band is observed along the curve, 
corresponding to an image of dislocation. If 
the strain is limited in a narrow region along 
the curve, the band is narrow corresponding 
to a sharp image of dislocation. If, however, 
the strain is spread over a broader region, the 
band becomes broader. The broadened band 
may adequately be called moiré fringe, be- 
cause many of moiré fringes observed in 
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Fig. 2. Illustrating an image of dislocation super- 
position of (a) over (b) results in (c). 
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everyday life, e.g., moiré patterns on window 
curtains, are produced by some kind of strain. 
Thus it has become clear that there is no 
discrete difference between a sharp image of 
dislocation and a broad moiré fringe. It may 
be said that a sharp image of dislocation is 
an extreme case of moiré fringes. In the 
following discussions, however, the term, 
moiré fringe, is used only for relatively broad 
bands. 

In Photo. 9, the network consists of sharp 
images of dislocations in most part. Near the 
curve SS’ however, the network looks like 
moiré pattern. This is understood according 
to the above discussion. It is often observed 
that fine networks change to moiré patterns. 
This change may be caused by the interaction 
between dislocations. 


(c) Moiré patterns and grid of dislocations 

It is known in dislocation theory that a 
regular grid of screw dislocations causes a 
rotation®. When, however, the strain accom- 
panying the dislocation is concentrated, the 
rotation is stepwise (Fig. 3). The steps be- 
come gradual as the strain is spread and 
finally a uniform rotation is obtained*. 


Fig. 3. Stepwise rotation caused by dislocation 
grid**, Lines indicate the net planes just above 
the dislocation grid and broken lines indicate 
screw dislocations. 


* It should be noted that the grid of screw dis- 
locations corresponding to a uniform rotation is not 
unique. For this reason, the dislocation interpreta- 
tion of rotation moiré includes some ambiguity. 

** A better illustration is available in: W. T. 
Read: Dislocations 1s Crystals (McGraw-Hill, 1953), 
p. 179. 
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In part A of Photo. 8 a two-dimensional 
moiré pattern is observed. It may be a rota- 
tion moiré and thus each fringe in part A may | 
correspond to a screw dislocation. The fringes | 
in part A are not perfectly periodic, and the | 
grid is somewhat distorted. The distortion is | 
more remarkable in other parts of Photo. 8. 
In part B, one set of parallel fringes in part | 
A changes to irregular curves while the other | 
set remains as parallel lines. The structure 
similar to part B is found also in Photos. 4 
and 9. Parallel lines and irregular curves look - 
very different. However, it is sure that both 
of them represent dislocations with Burgers: 
vectors parallel to the cleavage plane, because: 
in Photo. 8 both of them are extensions of f 
screw dislocations in part A. 

Photos. 12 and 13 have also the structure: 
of parallel lines and irregular curves. In 
Photo. 13 parallel lines are so broad that they} 
may better be called moiré fringes and the 
irregular curves indicated by BB’ etc. are 
relatively sharp. The broad fringes and sharps) 
curves look so different that they seem tai) 
represent different things. However, we con-4) 
clude that both of them represent dislocationsy, 
because the structure of parallel lines andj 
irregular curves is similar to that in part Bi} 
of Photo. 8. This conclusion is supported in) 
the next subsection. I 

It is supposed that most of the observed) 
dislocations have Burgers vectors parallel to) 
the cleavage plane. Dislocations with Burgers; 
vectors normal to the cleavage plane are alsa 
probable. However, they have not yet been : 
identified. Although the mechanism of the 
formation of dislocations is not clear, it iss 
highly probable that a set of dislocations sucti|. 
as parallel lines is produced from a source byj_ 
the severe stress applied when the specimen 
is pealed. 

(d) Parallel lines 

According to dislocation theory, a set oj]. 
parallel screw dislocations causes a shear® Yi 
We first considered that parallel lines observec! 
in Photos. 4, 8, 9, and 13 are screw dislocai) 
tions. Similar to the case of rotation, the shea] - 
is stepwise when parallel lines are shary} 


1960) Dislocation Network and Moiré Patterns of Molybdenite 2033 


of parallel lines is only 200A. This indicates 
a very strong shear stress. The irregular 
curves which intersects the parallel lines may 
cancel the stress more or less. It is often 
observed that two sets of parallel lines make 
a grid when the spacings become small. By 
the formation of a grid, the stress may be 
released, resulting in a rotation. 

The spacing of the broad fringes in Photo. 
13 is as large as 1,000A. For such a large 
spacing no spreading of strain has been ob- 
served in pictures taken at room temperatures. 
Thus it is likely that the spreading is an 
effect of the high temperature (Sec. 3). The 
fringes refract on boundary XX’ and the phase 
of fringes shifts across the irregular curves 
BB’, CC’ etc. (Photo. 13). <A tentative inter- 
pretation of the refraction and the phase shift 
is illustrated in Fig. 4. The refraction may 


Fig. 4. Illustrating the refraction and phase shift 
of moiré fringes in Photo. 13. 


imply a discontinuous change of shear on the 
boundary. If the parallel fringes were rota- 
tion moiré, the so-called moiré dislocations” 
should have been observed instead of the 
refraction. The phase shift implies that the 
dislocation lines corresponding to the irregular 
curves have an edge component as predicted 
by Hashimoto. Similar phenomenon was 
also observed by Izui!! for graphite. 

The above discussions are based upon the 
assumption that the parallel lines are screw 
dislocations. On the other hand, Geach and 
Phillips® believed that the parallel lines ob- 
served by them are edge dislocations. The 
parallel fringes observed by us may also be 


interpreted as edge dislocations. At the pre- 
sent stage, it is not yet decided whether 
parallel lines are screw or edge. Probably, 
they are sometimes screw, sometimes edge 
and sometimes have both components. 


(e) Contrast of dislocations 

Hirsch et al.*) developed the theory of dif- 
fraction contrast which explains images of 
dislocations. According to them, a Bragg 
reflection which is weakly excited in the 
surrounding of a dislocation is enhanced by 
the strain accompanying the dislocation. The 
enhancement causes the contrast in the image 
of dislocation. If two Bragg reflections are 
simultaneously excited, the image is doubled. 
Hirsch et al. have proved that the image of 
a dislocation vanishes under the condition 

(b-h)=0 , Cae) 
where b is the Burgers vector of the disloca- 
tion and f is the reciprocal lattice vector 
corresponding to the Bragg reflection which is 
weakly excited in the surrounding of the 
dislocation. 

In part C of Photo. 8 only one set of paral- 
lel fringes is remarkable and the other set is 
almost invisible. Since it is certain that there 
is a grid of dislocations in part C, the vanish- 
ing of one set must be due to relation (1). 


B) (B) 


(a) (b) 


Fig. 5. Explanation of hexagonal network | in 
Photo. il. 


The structure of the hexagonal network in 
Photo. 11 can also be explained by relation 
(1). We assume that the network is composed 
of screw dislocations and that two Bragg 
reflections i and fz are simultaneously excited 
(Fig. 5a). Since neither (/-bs) nor (hz: bs) 
vanishes, the parts of the network with Burgers 
vector b; appear as double lines. On the other 
hand, since (/i-b2) vanishes but (/2-bz) does 
not, the parts with Burgers vector 2 appears 
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as single lines. Similarly, the parts with b: 
are also single. The zigzag lines indicated by 
(A) are produced by reflection ji and those 
(B) by fa (Fig. 5b). The pattern illustrated 
in Fig. 5b agrees with Photo. 11. It should be 
noted that the specimen of Photo. 11 is so 
thick that the incident spot does not appear 
in the diffraction pattern (Sec. 3). Therefore 
the simple theory of diffraction contrast must 
be modified to explain the detail of contrast 
observed in Photo. 11. ; 


Fig. 6. Network in Photo. 10b. 


In Photo. 10b a pattern as illustrated in Fig. 
6 is observed. If we assume that the two 
sets of zigzag lines (A) and (B) in the figure 
are produced by reflections #1 and hz, respec- 
tively, we see that (A) is on the left and (B) 
is on the right along the segment RS, while 
the relation is reversed along the segment 
PQ. This cannot be understood if both seg- 
ments have the same Burgers vector. An 
alternative interpretation is based upon a 
conjecture that a single Bragg reflection pro- 
duces n-ple images according to m given by 


(hb)=n . (2) 


Relation (1) is a special case of this relation. 
If we assume that the network in the figure 
is composed of screw dislocations and h is 
parallel to the segment RS, it is possible that 
n=2 for the segment parallel to RS and m=1 
for the other segments. Anyway, no conclu- 
sion has yet been obtained. 

In Photo. 6, hexagonal networks as illus- 
trated in Fig. 7a are observed which are 
essentially the same as that in Fig. 6. In this 
case, however, the film is thin and distortion 
of extinction contours is remarkable. Thus 
it is probable that a part of the hexagonal 
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network is caused by extinction contours as 
illustrated in Fig. 7b. A similar tendency is 
also observed in Photo. 3. 

Photo. 12, which was taken at a high tem- 
perture, shows lines which are doubled in some 
parts. This may be interpreted similar to 
Photo. 7. In Photo. 7, however, images of 


dislocations are sharply distinguished from > 


extinction contours, while in Photo. 12 they 


cannot be distinguished. This complicacy may | 


be caused not only by the deformation of the 


film but also by the spreading of strains ac- | 


companying dislocations. In general, images 
of dislocations, moiré fringes and extinction 
contours are not sharply distinguished from 
each other. 


Dislocation line 


xtinction contour 


Fig. 7. Schematic illustration of hexagonal net- 
work in Photo. 6. 


Fig. 8. Surface step. 


(f) Surface steps 

Curves indicated by SS’ in Photos. 8 and 9 
may be surface steps or grain boundaries. 
Taking into acccount that molybdenite has a 
layer structure, surface steps are more pro- 
bable. In Photo. 8, for example, the upper 
part is assumed to be thinner than the lower 
part. Many dislocations in the thicker part 
stop at the step. This is understood by as- 
suming that the dislocations lie on the plane 
PP’ in Fig. 8. It is also observed in Photos. 
8 and 9 that a few dislocations in the thinner 
part also stop at the steps. This is not yet 
interpreted. 

In Photo. 10a we see a boundary line indi- 
cated by S at the top. The line resembles 
surface step SS’ in Photo. 9. However, at the 
center of the circle (Photo. 10a), the feature 
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of the line changes suddenly and near the 
left side of the picture the continuation of the 
line looks like a usual dislocation line rather 
than a step. It may be possible to interpret 
that the step running from S terminates at 
the center of the circle, indicating that there 
is a bundle of screw dislocations normal to 
the film at the center. Similar situation is 
often observed in other pictures and sometimes 
it is most difficult to distinguish surface steps 
from usual dislocations. 
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Beam-type masers for radiofrequency spectroscopy of molecules are 
considered. The theoretical estimate of sensitivity is discussed and a 
table of minimum detectable beam intensity and estimate of available 
beam intensity for some of the low frequency transitions is given. A 
K-type doubling transition, 43:>432, of formaldehyde was observed as an 
emission line at 4.5769+0.0023 Mc, and compared with theories. The 
observed saturation in focusing is probably due to the non-adiabatic change 
of rotational states in the focuser. The saturation broadening of the line 
with increasing rf field shows agreement with theory. 


§1. Introduction 


The radiofrequency molecular spectroscopy 
using three-level maser action was previously 
developed by one of the authors.’ Although 
it was proved to be useful in detecting low 
frequency transitions of molecules, the proper- 
ly spaced third level was necessary in order 
to perform an effective pumping. 

On the other hand, the beam maser can be 
operated on two levels, between which the 
transition is allowed, if molecules in either of 
the two levels are selected by an appropriate 
method. It is well known that the beam 
maser spectroscopy has been developed in the 
microwave frequency range. Although the 
application of the technique to still higher or 
much lower frequencies seems promising, very 
little experimental work has been explored in 
these ranges. 

The energy of a single photon is very small 
at low frequencies, but the noise figure of an 
amplifier is much smaller than that for micro- 
waves. Therefore, it is probable that not a 
few transitions of molecules are detectable by 
a beam maser even in the megacycle range. 


FOCUSER 


loner, it, 
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Theoretical considerations on the sensitivity 
and behavior of the beam-type rf maser are 
given in this paper. An experimental work 
on a K-type doubling transition of formalde- 
hyde molecule, 43:42, and the result are also 
described. 


§2. Theoretical Considerations 


A simplified diagram of the beam-type maser 
for radiofrequencies is shown in Fig. 1. The 
beam source and the focuser are essentially 
the same as those used for microwave masers. 
Molecules in the beam make transitions inside 
a parallel-plate condenser, instead of a cavity 
resonator in a microwave maser. A resonant 
circuit tuned to the transition frequency is 
formed with the capacitance of the parallel- 
plate condenser, C:, and an external in- 
ductance, L. The resonant circuit is excited 
by a signal generator and the rf voltage 
across the electrodes is amplified, rectified and 
displayed on a cathode ray oscilloscope and a 
recorder. Low frequency Stark modulation 
and a narrow-band lock-in detector can be 
used to attain a good sensitivity. 


PARALLEL-PLATE 
CONDENSER 


RESONATOR 


Simplified diagram of the beam-type rf maser. 
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(i) Focusing 
The Stark energy of a slightly asymmetric 
rotor can be expressed by 


renal) 8] 


where FE is the intensity of electro-static field, 
vo the frequency corresponding to the transi- 
tion between k-type doublets. Because 
LKME 
ott) 
maser, electro-static focusing seems to be 
generally more effective compared to the focus- 
ing of molecules in doublet levels correspond- 
ing to microwave frequencies. 

However, the behavior of the rotational 
state in a focusing field may not be assumed 
to be adiabatic, when ‘the Stark energy is 
much larger than the rf photon energy hy 
and when the time of flight of the molecules 
in the focuser, 4t, is not very large compared 
with 1/». Besides, a rapid change of electric 
field which the molecules see between the 
focuser and the parallel-plate condenser must 
stimulate transitions from focused to unfocus- 
ed state. 

Therefore, the focusing efficiency in the rf 
maser should show stronger saturation effect 
with increasing focuser voltage than in a 
microwave maser. Any further consideration 
of the theory of saturation character of the 
focuser is not given in this paper, but an ex- 
perimental result will be described in the next 
section. 

(ii) Sensitivity 

Emission (or absorption) of rf power by the 
molecules between the parallel electrodes is 
detected by the increase (or decrease) of rf 
voltage across the electrodes. It may be ex- 
pressed by the increase (or decrease) of the 
quality factor Q of the resonant circuit. The 
rf electric field between the electrodes of 
separation d, 


>hyo in the focusing field of an rf 


E(v,t)=E cos 2nvt =-—-cos 2rvt , 


is given by a loosely coupled signal generator. 
The power emitted form the molecules is 
written in the form” 


cist 


at 
sin? {(@—@)? + x?} pe 


(2) 
where n is the number of excited molecules 
entering the parallel-plate condenser in a unit 


AP=nhvo 


x2 
(@— Wo)? +x? 
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time, x=Eyu/h, wo/2x the frequency of transi- 
tion, and L the lengh of the electrodes. Here 
# is the average for the component of the 
molecular dipole matrix element along the 
direction of rf field in the parallel-plate con- 
denser. 

At the center frequency of the line, o=ao, 
the emitted power is 


AP=nhy sin? aL, : 
2v 


(3) 


where v= a = 2 AED is the average 
Van Vn M 
velocity of molecules. 
The change of the quality factor becomes 
4() 5 324P 
Q aoc V? ’ 
where C=C,z+Cs, Cs being the stray capaci- 
tance. 

Since the resonant circuit can be assumed 
to be driven by a constant current generator, 
the increase of rf voltage is given by 

sin*( aL ) 
1\  2npQ 2v 
Q ) “e-Cd x 
The optimum value of rf voltage for maximum 
AV is calculated by differenciating Eq. (4). 


(4) 


4V=—VQ A 


ty =2.33-— (5) 
| eee (6) 
fe IE, 


The resonator noise voltage vx is calculated 
from 
oe Brera. 
22 


where F is the over-all noise figure and 4f 
the bandwidth of the spectrometer, and 


Cr) 


ibs == the impedance of the resonant circuit. 
(0) 


Then the emission (or absorption) of rf po- 
wer is detectable, when 4V>v,. From Eqs. 
(4), (5) and (7) the minimum detectable in- 
tensity of the beam flux is 


2vd V 6; es 
min = FRTA 8 
n aL V wx Ip (8) 


in a unit time. Values of mmin for rf transi- 
tions of some molecules are calculated and 
shown in Table I, from the assumed values 
Ofip=2, C=200 pF, P=800°K) Af=1 cps; C= 
100, d=0.5cm, and L=10cm. 

Now the flux of state-selected molecules 


2038 


from the focuser can be evaluated according 
to the theory by one of the authors. From 
equation (3.9) in reference (3), the flux of fo- 
cused molecules is given by 


4A UN? if ON 
pee 9 
cra AEE) Cr) vate 
since 
ve BE Vi nf 
SS See N= 5 
Gp Veil ane Acad 


where mo is the total flux of molecules flow- 
ing out from the source of area Ao, f the 
fraction of molecules in a particular rotational 
state, / the length of the focuser, FR the radius, 
and E the maximum intensity of electric field 
in the focuser. The average of dipole matrix 
element of molecules entering the focuser, 
2, is given by 


Table I. 


from Eqs. (8) and (11). 
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Rf transistions of some slightly asymmetric molecules for beam-type masers. 
frequencies, vo, are calculated by a rigid rotor approximation. 
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Then for a slightly asymmetric rotor, when 
ZES>hy, the flux of focused molecules can be 
4A LEI SI De 


written by 
2 
aot ‘esr en 


Numerical examples for some molecules are 
calculated and compared with mmin in Table I. 
These values have been calculated from Eqs. 
(8) and (11) with the following values, z.=10" 
molcules/sec and, A/Ao=1, /=40cm, R=0.5cm, 
and the eight-pole focuser voltage of 10kV 


? 


(10) | 


l 
ne 


n~Nof 3 (11) | 


corresponding to E=40 kV/cm. The ratio of | 


n tO Mmin May be considered as a theoretical 
estimate of signal-to-noise ratio of the line. 
Table I shows that many of the low frequency 


Transition 
Values of mmin and m are calculated 


Molecule Transition if vo Nain n 2/Mmin 
H,CO 330331 0.48% 0.65Mc 2.4 101! 176 x 104 ho 
43; 439 0.59 4.58 teak 139 121 
532 Das 0.68 18.3 0.48 100 206 
633694 0.75 54.8 0.33 80 234 
6 42> 643 0.19 OF23 Rie) 36 10 
7437 44 0.20 0.85 Mae) 28 WZ, 
HDCO 3392331 0.27 1.96 Woe! 96 70 
43:49 0.33 13.8 0.67 69 104 
532533 0.38 54.7 0.41 54 130 
541 54a 0.32 0.22 4.8 81 17 
642 > 643 0.35 1.10 eS) 63 22 
D,CO 3302331 0.15 2.68 ileal 54 49 
43; —>430 0.19 18.7 0.55 42 Hit 
532533 0.21 75.0 0.34 32 95 
541 > S42 0.37 0.38 3.6 96 ZA 
642 > 643 0.43 ies 179 80 4] 
43> 744 0.45 6.96 ia 64 57 
H,;CCO 229204 0.04 0.40 4.4 5 MZ 
321 329 0.06 1.98 Boll 4 3! 
450453 0.07 5.94 alk 3) es 
523 904 0.09 13.9 We 2 Wes} 
HCOOH 209204 0.05 30.4 0.41 9 22.0 
431439 0.09 2.46 8 11 6.2 
532533 One 9.89 ibeal 9 8.2 
7 43> 744 Ons 0.56 4.6 10 2ne, 
84> 85 0.14 1.68 3.0 8 2.8 
. 945 —>9a6 On 4.35 Pel 7 Seo 
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rotational transitions of molecules are detect- 
able. 
(iii) Line-width 

The line-width of the spectrum is determin- 
ed by the time of flight of the molecules in 
the parallel-plate condenser. The half-width 
is2).4) 


24) =0.9 7 , 


when the amplitude of rf field is sufficiently 
small. 

The saturation broadening of the line can 
be calculated by taking average of Eq. (2) 


multiplied by a weight factor, @/7. The 
saturation broadened line-width is 
peer sees 
2a =2y/ (dyn)? + es, (12) 
21 


For a given rotational transition, there are 
2/+1 different components corresponding to 


SIGNAL 
GENERATOR 


MOLECULAR --=---- 
BEAM 


hice 2 


A square wave modulation voltage is applied 
to the outer two electrodes with variable dc 
bias. The rf by-pass capacitor C: is 0.1 4F, 
C,=8pF, C=C,+Cs=25 pF. The Q value of 
the LC resonator is about 70. A signal gene- 
rator which feeds the rf signal is swept by a 
small synchronous motor. 

The noise figure of the spectrometer was 
measured to be 3, including the noise of the 
rf signal generator and of the 175 cps oscil- 
lator. The time constant of the dc amplifier 
used in the following work was t=2.5 seconds, 
so that the effective bandwidth 4/ is 


Ap x =0.2eps ; 
4c 


including the 175 cps image noise. 
The molecules of formaldehyde were pro- 
duced by heating powdered paraformaldehyde, 
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different values of M. The component with 
larger value of M shows stronger saturation 
than the component with smaller value of M. 
It should be noted that the space quantization 
in the rf field is independent of the space 
quantization in the focusing field, although the 
same notation M is used in either field. 


§ 3. 


A radiofrequency spectral line of formalde- 
hyde, corresponding to the transition between 
K-type doublets, 43:>432, was investigated by 
a beam-type maser. A block diagram of the 
spectrometer is shown in Fig. 2. The rf 
electrodes of three parallel plates are 12cm 
long with the spacings of 0.4cm. They are 
held in a shield box by two sheets of poly- 
styrene at their edges. The state-selected 
molecular beam enters the rf field through a 
hole in one side of the shield box. 


Experimental Results 


\I75eps 
OSCILLATOR 


Block diagram of the maser spectrometer. 


A dry ice trap was used in order to remove 
impurities and polymers of HzCO. The beam 
source and the eight-pole focuser are the same 
ones as used for microwave works.*)® The 
intensity of the beam flux was estimated to 
be 10!7~10!8 molecules per second. 

A typical trace of record of the observed 
spectrum with a focuser voltage of 15kV and 
an rf voltage of 3mV peak is shown in Fig. 3 
The observed center frequency is 


yo =4.5769+0.0023 Mc , 
where the error is 3 times the standard devi- 
ation. 

The observed signal-to-noise ratio of the line 
in Fig. 3 is nearly 40, while the theoretical 
estimate from Eqs. (8) and (11) gives a value 
of 1200 for a total beam flux m=5 x10!" mole- 
cules/sec, V=10kV, v=4.6x10‘ cm/sec, “= 
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0.907 D, (4=2.34 D), and L=12cm. The dif- 
ference may be due to the divergence of the 
beam within the parallel-plate condenser, and 
to the non-adiabatic behavior of molecules in 
the focuser region as described before. 

The intensity of the emission line was ob- 
served as a function of focuser voltage, and 
the result is plotted in Fig. 4. According to 
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Fig. 3. Typical tracefof the743;>43. transition of 


H.CO. 
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Fig. 4, Observed saturation in focusing. 
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the theoretical estimate given by Eq. (9), the 


number of focused molecules is proportional | 
But Fig. 4 | 
shows strong saturation and confirms violation | 
of adiabatic assumption in the focusing field, | 
At a focuser voltage 
of 1kV for example, the observed signal-to- 
noise ratio is about 4, while the calculated | 
value of 7/Mmin iS 12, and the discrepancy is | 


to the square of focuser voltage. 


as described in §2 (i). 


smaller. 


The half-width of the line was measurec . 


as a function of rf valtage on the parallel: 
plate condenser as shown in Fig. 5. A theo: 
retical curve of Eq. (12) for the average value 
of dipole moment # is also shown. Agree: 


ment between theory and experiment seems 


good. 


ke 


20 
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Fig. 5. Half-width of the line as a function of 
rf voltage. 


It may be noted that the Stark shift of an | 
rf transition in a dc field is larger than the | 
shift of a microwave transition in general. | 
Thus the broadening by inhomogeneous dc | 


field becomes large in the rf maser. 
surface potential difference of the electrodes 


of the order of some ten millivolts is large | 
For | 
example, a dc field of 100mV/cm produces a | 
Stark shift of 2.1kc for the M=4 component | 


enough to somewhat broaden the line. 


in the 43:43. transition of HCO. 


§4. Discussions 


The centrifugal distortion of formaldehyde | 
molecule was discussed by Lawrance and | 
The cal- | 
cuated frequencies of the 43:42 transition by | 


Strandberg,” and recently by Oka.®) 


Even a | 


(Vol. 15, | 


1960) 


these two methods are 4.572 Mc and 4.575 Mc, 
respectively. They differ from each other, 
and the value from Oka’s theory agrees well 
with our experimental result. Oka has solved 
the secular equation based on the Hamiltonian 
by Kivelson and Wilson.” Thus it seems 
natural that his theory gives more correct 
value than the semi-empirical calculation ac- 
cording to Lawrance and Strandberg. 

According to the theory of the magnetic 
hyperfine structure of formaldehyde,® the 4;; 
— 4: line consists of three strong 4F=0 transi- 
tions and four weak 4F=-+1 transitions. Be- 
cause the splitting between 4F=0 components 
are calculated to be several cycles per second, 
it is reasonable that the line is observed asa 
singlet. The 4F=-+:1 components are very 
weak and could not be observed in the present 
experiment. However, by improving the 
sensitivity the 4F#=-+1 transitions would be 
observed since the separation is expected to 
be of the order of 10kc. 

The Stark and Zeeman effects of the rf 
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transition can also be studied by the high 
resolution beam maser spectrometer. The 
Stark voltage can be applied to the parallel- 
plate condenser. The measurement of the 
Stark pattern of the 4s:>4s2 line of H:CO is 
now in progress. 
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Synopsis: 


The paramagnetic susceptibility of Sm%* ion measured by Borovik- 
Romanov and Kreines are explained on the basis of crystalline field 


theory. 


Postulatiug an appropriate cubic or trigonal potential for two 


modifications of Sm,O.z, the magnetic behaviours are well explained with 


the best choice of the coefficients of each potential. 


Total separations 


of the ground manifold 216k and 432k are obtained for the two cases 
and are compared with the above author’s rough estimations 52 cm~* and 


150 cm7}. 
pointed out. 


§1. Introduction 

The paramagnetism of the rare earth salts 
has been investigated in detail both theore- 
tically and experimentally. The 4f electrons 
which contribute to the magnetism are suf- 


ficiently screened by outer electrons and the 


Further, their erroneous assignment for the lowest state is 


magnetic behaviours, for instance, the effec- 
tive Bohr magneton number, are well ex- 
plained as that of free ion. In Sm** or Eu, 
the excited energy levels which are split by 
L-S coupling are near the ground level, and 
the contribution of the, high frequency part 
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pointed out by Van Vleck” is large. Taking 
this into account, the paramagnetic suscep- 
tibilities of rare earth ion can be explained 
satisfactorily. 

For the ions in crystals, the effects of the 
crystalline field are not so large and the 
intra-ionic L-S coupling is the predominant 
perturbation for the free ion. Accordingly, 
as the stationary state, we have the Russel- 
Saunders coupling in which 2S+1 or 2L+1 
energy levels of different J values are split 
by above perturbation. The crystalline field 
affects the energy states of each J values and 
removes the 2/+1 degeneracy partially or 
wholly except for the Kramers doublets. The 
studies of the rare earth salts which take into 
account the effect of the crystalline field are 
that of Pr?+ and Nd’+ by Penney and Schlapp”, 
and that of Sm:2(SO,)37H:O crystal by Miss 
Frank®. Her study ranged over the tem- 
perature 70°K~300°K, and she concluded un- 
importance of the crystalline field for the 
susceptibility. 

Recently, Borovik-Romanov and Kreines* 
investigated the paramagnetic susceptibilities 
of Eu*+ and Sm*+ ions over the temperature 
range of 12°K~300°K and found that the 
magnetic properties of Sm*+ depend on its 
crystal structure. The samples investigated 
are the microcrystalline powder of Sm.03 
(Sample I of purity lower than 99.0% and 
Sample II of purity 99.99%) and Smz(C:0,)3 
10H,0. Ordinary Sm:0; has cubic structure 
(b. c. c.) and Sample II does not change its 
crystal structure by heating, whereas Sample 
I takes an essentially different structure of 
pseudotrigonal by heating over 720°C. Con- 
sequently, as to Sample I, the susceptibility 
curves for heated and unheated one separate 
into two, whereas that for Sample II agrees 
with either one of Sample [ in both cases. 
The results of Sm2(C.0,); 1OH:O agrees well 
with Van Vleck’s theoretical curve. 

In order to explain these result, Borovik- 
Romanov and Kreines have made a simple 
estimation of the energy states of the ion in 
a crystalline field. They take the expression 
of the susceptibility as follows: 


Ngee? MP 1073 +Mrxesy exp{—4 Wal/kT} 
kT 1+exp{—4W,/kT} 
+M*se77 exp{ —AW 2/kT} 


+exp{—4W 2/kT} 


X= 


+Na, 
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where 4W,, dW. are the energy differences 
between two upper levels and the lowest level 
which are split from the ground state of six- 
fold degeneracy, and are of /,=-+1/2, +3/2, 
+5/2 respectively. They assume that these 
three doublet states are eigenstates in the 
presence of crystalline field and take Mi= 
+1/2, M.=+3/2 and M3;=+5/2. Na is the 
high frequency part. Treating 4W; and 4W;, 
as the parameter, they determined their 
values of the best fit for the susceptibility 
curves, and the values thus determined are 
4W,=0, 4W.2=52 cm (73°K) in the case of 
cubic modification and 4Wi=20cm- (29°K), 
4W2=150 cm! (218°K) in the case of pseudo- 
trigonal modification. In fact, they have 
shown the curves of good agreement with 
experiments by using these values. However, 
the eigenstates of °Hs5,;2 in cubic or trigonal 
field are not of /7,=-+1/2, +3/2, +5/2 but are 
their linear combinations, because  non- 
diagonal matrix elements are present. Ac- 
cordingly, the ground of their arguments to 
deduce the values of 4W,, 4W: is meaning- 
less. 

Our present purpose is to investigate the 
energy level splittings by using an appro- 
priate cubic or trigonal potential, and esti- 
mate the values of its coefficient in order to 
explain their experimental results. In this 
case, the contribution from the excited states 
can be considered only as the constant suscep- 
tibility and may be neglected for the tem- 
perature dependent part. Thus we shall con- 
sider the effect of crystalline field only in the 
manifold of J=5/2, or of J=7/2 if necessary. 


§2. Crystalline Potential 


We can expand the potential in spherical 
harmonics by assuming that it satisfies 
Laplace’s equation, thus 


V= Any Yu", ¢). (2.1) 


For our present purpose, the number of terms 
in (2.1) can be considerably reduced as fol- 
lows. In evaluating an integral such as 


[x Vddct where x and # denote f-electron 


wave function, all terms for which n>6 will 
have zero matrix elements by the orthogonality 
relations for spherical harmonics and can be 
omitted. Similarly all terms for which 7 is 
odd have zero element because the product 


i 
i 
: 
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x*% is unchanged by the substitution Xx, 4, z> 
—%, —y, —z whereas V reverses its sign. 
Accordingly, as fas as we consider the f- 
electron, V takes the form 
7 4 
V= 3D AL’ Y.™(0, 9)+ > Ay™rtY¥4"(0, 9) 
2 m=—4 


m=— 


+ 3) Aer Yona, ~) , (2,2) 
and, being real, Ax"=A.-™, A,m=A,-™ and 
Ap™=Ag-™. 

Now, if we consider the case of cubic poten- 
tial, the form which V takes is one for a 
regular octahedron of the six nearest neigh- 
bours and we have 


Ve= Aor YO, 0+ 2 
{Ye 6, P)+Y.4*@, 9) ae (2.3) 
or by changing to Cartesian coordinates 


Ve=) (wytte- or), (2.3a) 
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Wheres D=15 A, /4)/7 

As for the trigonal potential, its three-fold 
symmetry axis can be considered as (111) 
direction of the regular octahedron, and we 
suppose that the dominant part of the trigonal 
potential is given as 


V = Fy Rag Pe ee 


{yse, wera) t]. (2.4) 


which is obtained by the coordinate trans- 
formation of (2.3). The general form of V, 
showing a distortion along (111) direction 
is, thus, 


V,=A2r?? Y2°(6, ~) + Art YAe(Os g)+ Vv 
6 
ah = Aor? Ye™(O, 9). 


m=— 


(2.5) 


Now, in the calculation of the matrix ele- 
ments of these crystalline potentials it is con- 
venient to use the method of operator equi- 
valence by Stevens®, according to which we 
have the following relations 


> Ar Y.0, 9) =>, B(322—7) = BYra{3Je—JJ+1)} 


> ALAY SC, O)=>, BY B52A—3072?-+37*) 


=B,rtB{35Je4—30J J+ DJe +25)? —6JJ+1)+3/?J+ 17}, 


Sree {pss jut}, 


= (tt yt2t— a ) si of (35 Jet —30](J+ DJ2+25J2—6J +1) 


+374} BA TA+ I), 


Dd Acre Yo, 9) =D, Bo(231z°—31572z4 + 105r4z? —57*) 
= Bey7*[231 Je? 315] J+ Jt +735 JA +105] * J+ Le? 


—525J(J+1) Jee? + 294 Je? —5J2(J+ 15+ 40J*(J+ 1? —-60/J+ 1], 


(2.6) 


where the constants a, @ and y are given with regard to the ground manifold (4f° °Hs,2) by 


26 


ie 22s =) —0. (Zee) 
a= ast eB gatas U\ Te” 
For the first excited state (J=7/2), 
Y=— peneiwige 5 (2.8) 
7H Ask woe 


is to be used instead of 8. From the relation of (2.7), the last term of (2.5), i. e, the foe 
for n=6 can be neglected as far as the ground state is concerned. The expression of Vv’ in 


terms of Cartesian coordinates is 
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oa F(352'—307? 22+3r'+60Y 2 xz(7?— 22)—-80VY 2 x*2}, (2.9) || 
TC q 


and its equivalent operator is given by 


F’ Br*(35 Je4—30J/J+)DJ2+25J2—6/(J+1) 
+3)%(J+1)2—-5V 2{feJe+J9)+JU8+ JF, (2.10) | 


where the relation D=—30F’ holds. 
Below, we shall calculate the susceptibility treating the coefficients Dr‘, B2°7?, Birt and 


F’r* as parameters and estimate the values of the best fit with experimental results. The. 
cubic modification causes no trouble, as in this case only one parameter is involved. How: 
ever, the case of trigonal modification has three unknown parameters and the problem 
becomes complicated. Now, in view of the susceptibility curves of Sample I and II, the 
magnitudes of the crystalline potential in each cubic structure can be inferred to be nearly 
the same. But, as to the change of the crystalline field when Sample I transforms into 
trigonal phase, nothing is revealed. As stated before, the dominant part of trigonal potentia! 
is V’ which is obtained by transforming (2.3a) into the direction of (111), together with 
the additional field of axial symmetry due to distortion along this direction. But for the 
essential change, we could expect the relation D=-—30F’ between the coefficients of crystal- 
line field in the two phases, and it might be possible to diminish the number of parameters | 
in this way. However, there is no definite reason for doing this. We shall take into account 
only the term of the second degree as the part of axial symmetry and neglect the term of h 
the fourth degree for the time being, and estimate the coefficients of crystalline potential i 
assuming FS B,°, 


§3. The Energy Eigenvalues and the Susceptibility 


The normal state of Sm?+ is °Hs/2, and from the recent spectroscopic estimation we have | 
the separation 1100 cm-! (1540) between the states of /=5/2 and J=7/2 which is caused by I 
the L-S coupling. This almost agrees with the theoretical estimation 1070cm-! by Van 
Vleck with the use of shielding constant o of 33. For our present purpose to calculate the | 
susceptibility below 100°K, the excited states contribute only as the so-called high frequency | 
part. Thus, for the time being, we have only to consider the crystalline field splitting in ; 
the manifold of J=5/2. 

If we take as the perturbation the cubic potential (2.3a) or pseudotrigonal potential (2.5)a 
the secular determinant of sixth degree for the ground state decomposes into three secular | 
determinants of second degree. The necessary matrix elements are given as follows: 


<JP MAAN, eae ey a 
={t0+ M)'I—-MEAY a Ma ee 
M 


<J, M|\ Jz Jx®| J, M—3> =Fy—3 <F MIJ8 Ely, M—3> 
=[J—M+3)1-+M)\(J—M)\(J+M—3)! PM, 
<J, MI Je JJ, M+3> =Giry <J, MIJ$ fel J, M43> (3.1) | 


=[(J—M)!(J+M+3)!/(J—M—3)!(J+M)!}12M., 


Below, for convenience’ sake, we shall consider the cubic or trigonal case separately. 
I) The case of cubic modification. 


The secular equation in this case can be decomposed into two as follows: 


i 4 : as pl 
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PaLD 
ois 3a— W 3V 5a =() 
3 2 
<5 3V¥ 5a —9a—W 
1 (3:2) 
3] 6a— W 0 =) 
I 


where a=§Dr'*. The energy eigenvalues are W=6a, —12a and the eigenfunctions correspond- 
‘} ing to them are given respectively as 


y Claias VE lao 
HAs) | 5 ee 3 
eaVelartvEl—a> pf (a6 
eke Fits S| 
fi E (3 (3.3) 
7 Tred 222- Ses 3 
Peete fe 
ea % st Wy ea Poss ioe 
VGA y Gi 2 
‘Now, the susceptibility can be calculated by the use of well known formula 
y= eS Lawl im; jm’) |? ew emrer 
kT gmiom’ \ 
42B | par(njm; n’j'm’ |” enWens/kr (3.4) 


jmn’ jm’ (nn) ) hyn’; nN) 
B=N SS EW WOajm/kT 
gm 
_ In the present case, we have wo=gy,Jz and g=2/7. The second term contains the tempera- 
' ture-independent part which comes from the lowest manifold and the excited state of /=7/2. 
p°n equals no as regards the lowest manifold. If we abbreviate the part of the second term 
which comes from the excited state as Na,;, we have 


SE: [ FU+) FU) 7 
7 6(2J+1) LavJ4+1; J) bv: J-1) J’ 
FU)= USHL+D- FA [Pe—(Gab. (3.5) 


Thus the result is given as follows: 


_ Ngtus® [ 40 40 —18a/kT eaiGe dG : a) ae | 
an er sag er ee Tee) eee) 


a 
+ 2{1+ 2 e-184/k?} 4+ Nas. (3.6) 


Naz may be replaced by (3.22). See below. 
II) The case of trigonal modification. 
As stated at the end of the previous section, we shall take the crystalline potential as 
Vi= BvYPa3Je—JJ+V}4+F’ br*[35 Je —30JU+ DJ? 
4+25Je—6J J+) 43/2? +12—-5Y 2 (Je + J) + J+ J) eh. (3.7) 
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If we neglect the term of B2’, we have the splitting into two energy levels of four-fold and 1 
two fold degeneracy as in the case of cubic potential. However, the secular determinant | 
inclusive of the term B:2° is decomposed as 


<-2 b+5c--W 306 =O 
<t5 V0 b 2b—4c—W 
5 = 
<a, b+5c— W —V 200 =() 
4 Ay (3.8) 
ae —7/20b 2b—4c— W 
3 
<r —3b—c— W 0 =(() 
3 
Kee 0 350 Sy 


where 60F’6r!=b, 2B:°ar?=c. 

In the approximation of bc, we obtain the energy eigenvalues W:i=0(6+20/9 €?), W2= 
—b(3—E+20/9 €), Ws=—0b(3+6€) by neglecting the higher term than &*, and the eigenfunc- 
tion belonging to them are given by 


Pr =a — 3 >48, >> 
5 1 (W=W;) 
(i =71 9 >+0; on 
py =a, —2>+8: +> 
BU aI) 9 ote: me 
3 , 3 
b=|5>, gi a ees (W= Ws) (3.9) 


where €=c/b <1, and each coefficients of (3.9) are obtained as 


3 9 81 
a=n= 2 (1 $e Me) | (3.10) 


Following (3.4), we consider the contribution from the lowest manifold. As the measure- 
ae are made on the microcrystalline powder, it is necessary to compare the experimental 
result with the mean value of the susceptibilities along x, y, z directions unlike the cubic 


case. Let us first calculate the low fre i 
Cee quency part of the parallel and the perpendicular sus- 


a) Parallel susceptibility | 


Taking up to &%, the necessary matrix elements in (3.4) are given by 
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s. oe 200. , 1900 2 
IPilJel Pol? = lal Jaleo? = > + Sik benwing 
Wer We. 40) MRO F180 
(du lJeldr )| — 2 8] co 272 ee , 
Achat Petar 40 1540 ., 
(gil Jelgr )I =(dilJeldr ) oa * tz Q1 iS 972 E 2 


Then denoting as W2—W.i=4E, W3—W,=4E’, we have 


2Bg? 2p? | ( 25 200 1900 
a a 1 f 


9 . 
1IW op 2 0-4 /RT 
RT 36 | 81°! 972 ere 


ayy Menor) Wisone\ <2 
nee gl! 27 ee 

20 i PD A 1eiD Ee 
+4Bg2n,2 Be (1—e- 48/87}, 


b) Perpendicular susceptibility 
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(3.11) 


a2) 


Putting wz=gupzJe and J-=(J++J_)/2 in this case, we can obtain the non vanishing matrix 


elements which appear in (3.4). Then in the following formula 


wes = EHH 141 Jeloa)|?+ (Gh elev I e490} 


+ 2Bgt py? | al 00 NEES CHPALIONSSICATALDIE 


+l(GilJel bP HAE’ +1 (fil Jelgr 1? +1 Gil Jelox) PP }/4E 
+{ PilJelovl? + (Gil Jel bi? + 1(GilJel oy? +1Grl Jel O19? 


—AK’ 
4 LG: Felox 2 +1 (Gil Jel sD? +1 (Or ele? + or | Jel pi’ =| 
4E-ALY’ 
x EWA I/KT | alder )| 


25 AE—AE’ 


finally have 


A Sue f 25° 16 40 e) s(t 20 is 130 e) gaa 
Cn nee OUT Yee OK ONG] 


; 10nd 20 .)- aa ey 
+2g20B) OT an i= aiGGl Eee, EAMG Hel 


Del Race all 4 230 , 2480 e)ecsenn 
nae ame 3 ae 12 bé 171" 19.9 


3) 12 bE ogi gi ee 


c) High frequency part. 


neglected as shown in the following. 


(Gal Jelon’)I2+ (sl Jel dy EAM Jelov 12+ 1 (br ely D1? be sav], 


10 ps deen os 19 1/,, 230 ,, 2480 \ panes 
Milde giepal Lites cir aa 


(3.13) 


each matrix element are obtained up to the term of & and after tedious calculation, we 


(3.14) 


| As in the temperature-dependent part, the temperature- independent part may have different 
F contributions to parallel and perpendicular susceptibilities, and this must be taken into account 
in the averaging process. However, the anisotropy of this constant susceptibility may be 
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Let us consider only the state of J=7/2 as the excited one. If the splittings of this level | 
due to crystalline field are neglected, x is given by Naz of (3.5) and x1 coincides with xi. | 
In order to show it, we notice that the matrix elements 


cae +) Let 2Sz 7 +3>=4v5f(5). 
<i) at lnaees.| 2, Bee ey aro 
<e, + Let2Sz ae +o >=2¥0¢(5), 
<3, =s Le+2Sz <, ep>estir(Z), 
<2, +> Let2S, s, ot ynaV 2s (2), 
<2, +2 | L425, $5 >= Eos (5). (3.15)§ 


wat fr whe my TUES TD ant (3)=Y/ 


From (3.5) we have, 


20Nz2* 


Nasa Thy 


(3.16) 


On the other hand, the corresponding perpendicular component 


2N 2 : i . 5 Teele are 
pone ht Tages (Le +2Sz) Le aie a Ne 
6 hy(n’: n) 


BAQ 


turns out to be equal to 


2N Mz? 15 | 
ag <5Oox ‘98 =Naz5/2 5 (3.18) 


if we use (3.15). This result can be seen from another point of view (see, for instance, | 
reference 1). This will provide some suggestion for the consideration of anisotropy. 
By taking only (2.10), the secular determinant in the manifold of J/=7/2 are given by 


ii 7 
<p Sy 7b’— W 27/70 b’ 0 20 
eee wees, ee, 2! 
< 97 = 9 F2V700 9b°'—-W +4yV 100 
Ci en ca 
Spy oie | 0 +4/10b' —13b'—-W | , 
7 3 (3.19) | 
ee 8" j 
= | 0 —3b'—W |, 


and the eigenvalues Wi=—21b’, W,.=—3b’ and W,=270’ are obtained. Their eigenfunctions | 
are written as 


ming Race | eee 
— a ee ii - ay Es 
é fs gi + Bt goto es 
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/ 7 gC 7 1 2 | 4) 
Of =a It 97 +B: pages +14 i a 5 
3 
a= 2 = (W=W.) (3.20) 
(@=1, 2, 3) 


where b’=60F’8’r*, and the coefficients are determined by the relations 
a’?+Be+rZ2=1, 
and 
ay Bi Up 
ON Won OT ee ay TOs thee a 


These values ai, 8i and yi are not so different from each other, and the original | /, M> 
states make roughly equal contribution to the eigenstates except for |7/2, +-3/2>. Moreover, 
as b’ amounts to about one tenth of b, the matrix elements which connect with the lowest 
state have similar effects as in (3.5) and (3.18) (if we denote the splitting from the unper- 


turbed level by 4W, the order of error is less than (4W/hyv)?). 


neglecting the anisotropy of constant part. 


This is the reason for 


Thus, considering only the splitting of the lowest state, we can take safely the high 


frequency part as follows: 
20 


1 40 
= 2 . ~. p9b/kT 
Sidi mas NF 35 77 fe Gn, 
and also we calculate Na; of (3.6) with replacing by 
Nes? 1 20 ee 40 os 
Xeo= 1 Og-i8a/kT fapssaoe 7 hereg Cee 


by the same reason. 


From (3.21) and (3.14), the final expression of the susceptibility for the powder sample 


becomes 


X= (Xen +2%01)/3 
_ 0.06125 [ a ee oul 
roy Me 9 ksh 
OPE NC a Ea 
~~ + _ 2 _=~¢ 
( iy ee 9 9 


a 25, 
aR 
= DLL + eete)f HON} + 46 , 


15+ 2.9 oon 


) ae 


: : i ) J ad 
( , = (1-87) 
rin nen (4 9 E je 


(3.23) 


where 9b/kT=yn, €=9€' and 2Ng?8"/k=0.06125. 


§4. Results and Discussion 


The experimental values of 1/x by Borovilk- 
Romanov and Kreines are shown in Fig. l 
and Fig. 2. The experimental points in Fig. 
1 are the one for cubic modification of Sm20s 
and © denotes for Sample I and @ for Sam- 
ple II. Fig. 2 shows the results for pseu- 


- dotrigonal modification where O denote for 


Sample I and ® are the results of Leiden 


group, 
In Fig. 1, the theoretical curve 1 is plotted 


by Eq. (3.6) using the value a=12k so as to 
get the best fit at high temperatures, and for 
comparison curve 2 is plotted using the value 
a=15k. Taking a<0, the fitting seems to be 
impossible in view of the slope of tangential 
line for 1/zx curve at 0°K; In the limit 7— 
0, (3.6) are written asymptotically as 
a>0.... 1/y~47.05 T, 

a<0.... 1/y~18.08 T 


and we can only give reasonable results when 
a>0. 
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In Fig. 2, the theoretical curve (a) is plotted 
by using the values b=—48k and &’=—0.1. 
In this case, the sign of b is not definite from 
the comparison of the experiment with asym- 
ptotic form of 1/z in the limit 7-0, (1/x~ 
47.02T for negative b and 1/xy~43.53T for 
positive b), though the fitting at high tem- 
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Fig. 1. Experimental points and_ theoretical 


curves of 1/X for cubic modification. 
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Fig. 2. Experimental points and_ theoretical 
curves of 1/X for pseudotrigonal modification. 
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Fig. 3. Anisotropy of susceptibility in the case 
of pseudotrigonal modification (b5=—48 k, 2’= 
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perature region can be achieved by taking 
b<0 in agreement with the sign of cubic case. 
We obtained above value from the intersec- 
tion of the curves for } and & of the best 
fit at temperatures of 100°K and 60°K respec- 
tively. As b depends slightly on &’, the value 
of &’ has some arbitrariness, but on the value 
of b we can have fair reliance. For com- 
parison, the curves for b=—60k and b=—90k 
in the case of €’=—0.1 are shown. In Fig. 
3, the anisotropy of the susceptibility for the 
pseudotrigonal case are also shown. 

One of the conclusions of the simple con- 
sideration by Borovik-Romanov and Kreines 
is that if six: states) of \J2=-+1/2,; 43/2, 25/2 
in the manifold of /=5/2 are the eigenstates, 
the state of small jz lies as lower one. This 
means the opposite sign of the coefficient of 
cubic potential to what is obtained by us, and 
in the case of trigonal potential the lowest 
state contains -++5/2, +1/2 states nearly 
equally. Thus we cannot assent to their con- 
clusion. Rather, our results agrees with the 
results of Giesekus® who estimated the crys- 
talline potential of Sm(BrOs;)39H.O. 

The total separation 52cm! which they 
obtained in cubic case may be compared with 
our 18a@:=216k. As for the trigonal case, our 
result 9)=432k is more than twice of their 
estimation 150cm-!. With respect to these 
overall splittings in two modifications, their 
estimations and also our results are not neces- 
sary equal. The essential change in the cry- 
stalline structure due to thermal treatment 
of the sample may be a cause of this, but 
further discussion is not possible at the pre- 
sent stage. 

In conclusion, the author wishes to express 
his cordial thanks to Professor T. Nakamura 
of Osaka University for his valuable discus- 
sions and also to members of laboratory for 
their discussions. 
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Lehmann’s experimental results on the emission intensity of a single 
electroluminescent phosphor particle embedded in an insulating dielectric 
as a function of the applied voltage are analysed on the model proposed 


in the Part I of this report. 


In this model the local field enhancement 


is attributed to the disturbance of the applied field due to the conducting 


phase of the phosphor particle. 
validity of the model is confirmed. 


§1. Introduction 


For the origin of the local field enhance- 
ment, which is a fundamental problem in the 
theory of electroluminescence, many workers 
have adopted the barrier model. However, 
we have proved in the Part I of this paper” 
(hereafter refered as Part I) that the barrier 
model is not reasonable for the electrolumi- 
nescence of phosphor particles dispersed in an 
insulating dielectric. We have also shown 
several reasons why the model proposed by 
Zalm is not suitable for the actual situa- 
tions». As an alternative mechanism, we 
have proposed a model that the local field 
enhancement takes place around the edge of 
highly conducting phase which is deposited 
on or segregated within the poorly conducting 
ZnS phosphor particle. It has been shown 
that the various experimental facts can be 
explained consistently by this model. 

In Part I it has deen predicted that the 
‘voltage dependence of the electroluminescence 
intensity of an emitting spot is represented 
iby 

B;s= Qs exp (—Bs/V) (1) 


where a; and #s are constants depending on 
the shape and size of the conducting phase 
which produces the local field enhancement 
for this emitting spot. Since the values of 
a; and B; differ from spot to spot, the experi- 
mental relationship between the applied 
voltage and the brightness of an electrolumi- 


nescent cell 
Bo= ae exp (—Be/V V ) (2) 
‘should be obtained by summing Eq. (1) over 


the emitting spots within the cell. However, 
when Part I was published there were no 


The results are reasonable and the 


definite experimental results in support of 
our model. 


§2. Analysis of Lehmann’s Experiments 


Recently Lehmann has measured the 
voltage dependence of emission intensity of a 
single phosphor particle on six particles. He 
has found that the intensity is represented 
by Eq. (1) for one particle and by the sum of 
two or more of Eq. (1) for other five particles 
respectively. The former one particle has a 
single emitting spot and the latter particles 
have two or more emitting spots in each of 
them. Further he has demonstrated that Eq. 
(2) can be obtained from Eq. (1) by numerical 
calculations. His experimental results are in 
complete agreement with our prediction but 
his numerical calculations have been made on 
the particle size distribution of the phosphor 
as he assumed the barrier model. 

We shall consider the absolute value of 8s. 
From Lehmann’s measurements which are 
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Fig. 1. Voltage dependence of electroluminescence 
intensity of a single phosphor particle measured 
by Lehmann. 
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shown in Fig. 1, we obtain the value of fs to 
be 770 V rms and the thickness of the cell is 
considered to be about 1004. On the other 
hand, we have assumed in Part I that the 
conductive phase is spheroid in shape as a 
simple model. The field strength is calculat- 
ed around the edge of the spheroid when it 
is placed parallel to the applied field with its 
major axis. From the probability of carrier 
multiplication in this local field, the above 
Eq. (1) is obtained. Using Eqs. (2), (3), (10), 
(14) and (16) of Part I, we have 


mCd 
3s = 3a 
B 4/f 2rnok oe 
for the oblate spheroid and 
Cd 
= 3b 
B ona (3b) 


for the prolate spheroid when V in Eq. (1) is 
expresed by rms value for a sinusoidal applied 
voltage. Here, C is the constant in the ex- 
ponential term of the probability of secondary 
electron production, d is the thickness of the 
cell, K is the factor of the field strength in 
ZnS due to the difference in the dielectric 
constant between the embedding dielectric 
and ZnS, and 70 and 7» are the ratio of the 
major axis to the minor axis of the oblate 
and the prolate spheroid respectively. We 
obtain the values of 70 or 7p» when it is 
assumed that the field enhancement for the 
spot is due to either an oblate or a prolate 
spheroidal conducting phase by inserting the 
following values in Eqs. (3a) or 8b); C=8x 
10° V/cm as stated in Part I, @s=770 V/cm, 
d=100y4 and K=2. Then we have =2.9 or 
Yyp=1.9. Exactly speaking, Eqs. (8a) and 
(3b) are derived on the assumption of large 
axial ratio. But we have made use of them 
for the sake of simplicity and semi-quantita- 
tive nature of our discussion as stated in the 
next section. When we make exact but 
complicated calculation, we have 7=1.9 and 
Yp=2.0. It becomes clear that the value of 
8; obtained by Lehmann can be explained by 
our model assuming the plausible shape of 
the conductive spheroid. 

It seems reasonable from Fig. 1 to assume 
that the minimum applied voltage necessary 
for the appreciable photon emission in this 
spot is 100V rms. Then the average field 
strength in the cell Ei, at the peak of this 


ac voltage cycle is 7/ 2 x10! V/cm. We have 
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derived the equations for this field strength 
on the assumption of large axial ratio, i.e. 
Eqs. (6) and (7) of Part I. However, it 
becomes clear from Eqs. (4)* and (5) of Part 
I that these equations are poor approximation 
for the above values of 7 and 7». The 
exact equations are too complicated to be 
treated here for our semi-quantitative calcula- 
tion. Therefore, we shall adopt a simple 
method. The potential drop in the average 
field over the distance of the major axis a of 
the spheroid is concentrated, superposing on 
the average field, around the edge of the 
sheroid over the distance of the minor axis. 
This potential drop should be at least equal 
to the energy of the forbidden gap of ZnS I¢ 
for the occurrence of appreciable electrolumi- 
nescence, 1.e. 


Ig=EmkKa. (4) 


Inserting Jg¢=3.7eV and other values stated 
above into Eq. (4), we obtain @=1.3 yw. The 
obtained value is small compared with the. 
dimension of the phosphor particle, i.e. from 
10 to 20 4 in diameter. The presence of the 
conducting phase of this order of magnitude 
indimension is reasonable from the various. 
characteristics of the phosphor particle. 


§3. Discussion 


Although we do not know the actual shape. 
of the conducting phase, the assumption of 
the spheroidal shape may be considered too: 
simple. However, in the first approximation,. 
emphasis should be placed on the shape of 
the edge in question relative to the whole 
dimension of the conducting phase. Of course, 
some actual edges would be more or less 
sharp than the above spheroidal approxima- 
tion. Since our discussion is semi-quantitative 
first approximation in order to demonstrate 
the consistency of the various quantities, the. 
above approximation is considered to be satis-. 
factory. For instance, even if the dimension: 
of the conducting phase should be multiplied | 
by two in order to avoid the uncertainty of | 
the approximations involved, Lehmann’s ex- 
periments can be explained reasonably by our- | 
model. 


As stated before, the derivation of the. | 


* Eq. (4) of Part I should be read §=(ac?/2)3. | 
instead 0 =(ac?/2)®. 


1960) 


emission intensity of a cell Eq. (2) from the 
emission intensity of a spot involves sum- 
mation of Eq. (1) over the emitting spots. 
We cannot show the derivation explicitly, 
since we do not know the distribution of the 
size and shape of the conducting phase. 
However, since the number of spots having 
small values of Bs, i.e. large axial ratio, 
would be small in a similar way as that of 
particles having large diameter in the particle 
size distribution treated by Lehmann, it is 
expected that the summation of Eq. (1) over 
emitting spots leads to Eq. (2). 

Although the structure of the electrolumi- 
nescent particle is very complicated and only 
a little is known on the conducting phase, it 
is concluded from the above analysis that the 
validity of our model is further confirmed. 

A short explanation will be added for the 
estimation of efficiency of electroluminescent 
cell described in Part I in order to avoid 
misunderstanding. It has been reported to 
show that the low efficiency of electrolumi- 
nescent cell can be explained by reasonable 
estimation on the various processes. It is 
based on the data by the Philips group and 
different values would be obtained by analys- 
ing other data. Exactly speaking, we should 
compare the estimated value with the effici- 
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ency measured by the Philips group on the 
same cell, i.e. about 71m/W from the effici- 
ency curve shown in Fig. 2 of Part I. There- 
fore, it does not represent the maximum 
obtainable efficiency in future. 

Note added in proof — Very recently 
Lehmann has made microscopic observations 
on ihe electroluminescent phosphor particles 
(J. Electrochem. Soc. 107 (1960) 657). Within 
the particles he observed dark segregations, 
which are frequently thin and elongated, 
almost needle-like. The emission spots are 
visibly located directly at the ends of the 
segregations. Therefore, it seems that our 
simple assumptions on the shape of the con- 
ductive phase are justified. Further, accord- 
ing to his observation the segregations are 
larger, on the average, in larger particles and 
vice versa. From this result we can explain 
the relations between the voltage dependence 
of emission intensity of a cell, i.e. a and $e, 
and the particle size distribution (for example, 
Lehmann: J. Electrochem. Soc. 105 (1958) 585) 
on our model. 
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The pseudokinematical theory of electron diffraction is considered to 


be a good approximation for gas molecules. 


When, the theory is applied 


to crystals, however, there-is an ambiguity concerning the nature of 


the approximation. 


comparing the result of the theory with the exact solution. 


In the present paper, the ambiguity is removed by 


The higher 


order Born approximation applied to the entire crystal is used as the 


exact solution. 


It is concluded that the pseudokinematical approximation 


is better than that of the usual kinematical theory and coincides almost 
with the exact solution under the condition that the crystal is very thin 
and there is no overlap of atoms when the crystal is seen from the 


direction of the incident beam. 


§1. Introduction 


Glauber & Schomaker” pointed out that the 
kinematical theory of diffraction (KT) is not 
adequate for the electron diffraction by gas 
molecules containing heavy atoms. They 
attributed the cause of this fact to the multi- 
ple scatterings of electrons in the heavy 
atoms. They modified the kinematical theory 
by substituting the rigorous atomic scattering 
amplitudes for the usual ones, and succeeded 
in explaining the electron diffraction patterns 
from such molecules. The modified theory 
was called by Hoerni?? the pseudokinematical 
theory (PKT). KT is equivalent to Born 
approximation in which the multiple scatter- 
ings of electrons are entirely neglected. In 
PKT, the multiple scatterings in individual 
atoms are taken into account, while those on 
different atoms are neglected. PKT has been 
proved to be satisfactory for the electron 
diffraction by gas molecules. 

Hoerni” studied the applicability of PKT to 
crystals. He compared the result of PKT 
with that of the dynamical theory (DT) in 
the case of thin crystals. Based upon 
numerical calculations, he concluded that the 
agreement was good for the reflections of 
low indices, but in general there was no agree- 
ment for higher indices. In his calculations 
of DT, only the systematic interactions* are 
taken into account. This is not adequate 
because in the case of thin crystals the 


* Now at Department of Applied Physics, Nagoya 
University, Nogoya, Japan. 


accidental interactions** should also be taken 
into account (Appendix IV). 

Recently, Miyake® studied the change of 
the intensity from DT value to KT value and 
inferred that PKT would be misleading when 
applied to crystals. Fujimoto’ succeeded in 
formulating the dynamical theory taking into 
account many reflected waves. He made 
numerical calculations» of a number of ex- 
amples using his formula. According to the 
result, the exact value does not coincide with 
PKT value, but it does with KT value when 
the crystal is thin (<15A). In his calculations, 
however, only the systematic interactions 
were taken into account as in Hoerni’s?’. 

The purpose of the present paper is to 
make clear the applicability of PKT to 
crystals. By comparing the result of 
PKT with the exact solution, it is con- 
cluded that the approximation of PKT is 
better than that of KT and is very near the 
exact value in the case of very thin crystals. 


** When the intensity of a given reflection h is 
calculated by DT, it is necessary to take into 
account the coupling of A-reflection with all the 
other reflections. The reflection # remains in the 
Bragg position when the crystal is rotated around 
the vector #. As the crystal is rotated the am- 
plitudes of other reflections change, except those 
corresponding to the reciprocal lattice points lying 
on the rotation axis. Thus some of the dynamical 
interactions depend on the azimuthal orientation, 
whereas the others do not. MHoerni2) called the 
latter the systematic interactions and the former 
the accidental interactions. 
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§2. The pseudokinematical theory and the 
exact solution of diffraction 


(A) Pseudokinematical theory (PKT) 

When incident wave ¥(r) with wave 
vector Ko falls upon a free atom, a scattered 
wave #S(r) is produced. 5(r) can be ex- 
pressed as a series of successive approxima- 
tions; 


P§(r) =P (r)+¢@ (r)+ ee (1) 


If the atom is assumed to have a potential 
V.(r), the first approximation {(r) is given 
by® 


Oe a 
Ar |r—r’| 
x U.(r’) exp [2ziKy-r’] dr’, (2) 
where 
,  2me 
U.(r)= drake (3) 
Using the relations 
U7) =4n| FO) exp [2zib-r] db, (4) 
1 exp [2xiKolr—r'|] _ 1 
Ar lr—r’| (27)? 
exp [2zik-(r—r’)] dk (5) 
k?— Ky 


~ and 
§exp [2zi(Ko+b—k)-r’] dr 

= 0 (Kot+b—k),™ (6) 
where f(b) is the usual atomic scattering 
amplitude for electrons, eq.(2) is rewritten as 


' a 


yor ae [Re KKK.) 
7 
} Similarly, the second approximation is given 
2niK-r] 
poaa| aK ARE Ky? 
a 0 


PKT wave function ¥?(r) for a crystal is 
given by 
| PPT = PONDS ns). 9) 


| Here, $°,,(r) is the wave scattered from the 
' 4th atom in the m-th unit cell. py and py 


| represent the summations over all tetice 


points in the crystal and over all atoms in 
the unit cell, respectively. If the first ap- 
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proximations ¢@, .(r) given by (7) are sub- 
stituted for 5, ,(r) in eq.(9), KT wave 
function is obtained. From eqs. (1), (7), (8) 
and (9) we have 


PP (1) =F Or) 4+ PPO (r) +P POQ(r)+ eine 
where 
wrap) => exp [277K -r] 
1 K*’— Ko? 
x F(K—Kv)L(K— Ko) dK, 
exp[2z7K-r] 
sax ae 
ae 3 Ti] 


*, (10) 


(11) 
PPO) =< 


x exp [— 


(12) 
Here F(6) is the usual structure factor for 
electrons and L(b) the diffraction function of 
the crystal. They are given by 
F(b)= fib) exp [—2zib- ri], (13) 
L(b)=>) exp[—2z7b-R,], (14) 


where Rn and rm represent the position of 
the n-th lattice point and the 7-th atom in 
the unit cell, respectively. 


(B) Exact solution (SBAC) 


Applying the successive Born approximation 
to the entire crystal® (SBAC), we have for 
the exact wave function 


ip at dace CAS ae AG 8 GACT Fs maestro (IL 
where 
exp[2z7-K-r] 
eT = |e K?—K? 
x F (K—K,)L(K—K») dK, (16) 
’ i 2ni-K-r] 
va =a lax nee 
(ELE Ko) 
k?—K,? 
x L(K—k)L(k—K,) dk, (17) 


(C) Derivation of Fraunhofer formula 


The formulae (10) and (15) are Fresnel 
formulae. It is desirable to obtain Fraunho- 
fer formulae which correspond to the usual 
experimental condition of electron diffraction. 
This is carried out by the following mathema- 
tical procedure. 

Eqs. (11), (12), (16) and (17) are all of the 
form 
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(18) 


(exp [277K-r] K)dK 
rrj=cl KK; PK) dK. 


For eq. (17), for instance, P(K) represents 
_( FUK—k)F(k—Ko) 
PuK)=| eK? 
x LUK—k)L(k—K) dk. 

Since for large |r| the function P(K) varies 
slowly compared to exp [27iK-r]/(K’—K-’), 
eq. (18) is reduced to a surface integral! on 
Ewald sphere. 

V(n)= CF \exp (2iK-k]P(K) do, 

0 


Ewald 
sphere 


(19) 


where do is the surface element on Ewald 
sphere. Taking the direction of r as the 
polar axis, we can express P(K) on Ewald 
sphere as P(0,¢), where 6 and ¢ are the 
polar and the azimuthal angle, respectively. 
Then, eq.(19) can be rewritten as 


V(r) =CinKuSdesPO0,¢) 


x exp [277 Kor cos 4] sin 6d0. (20) 


OF) (K,, Ko) = - = exp [—2z7i(K+— Ko) 4 rL(Ke—Ke)| Si Kr—k) fi(k— Ko) dk, 


te) 
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Integrating the inner integral by parts, and | 
taking into account the facts that P(z,g) is | 
vanishingly small and that @P/0@ changes) 
with @ much more slowly than exp [27z7Kor 
cos 0], we have finally?” | 


V(r) =Cn XP Bator] PK), (21) 


of r. 

By applying the relation (21) to eqs. (11), 
(12), (16) and (17), we obtain Fraunhofer | 
formulae. 


where K; is the wave vector in the direction | 
| 


exp [277 Kor] 
7 


< [O? (K;, Ko) +0? (Ky, Ko) + aye i (22) 

exp [2xiKor] | 
Y 

y< [O (K,, Ko) +0 (Ky, Ko) + eS -] ’ 


VP (p= VO (pr) + 


V(r) =  (r)+ 


(23) ) 
where 
OF (K;,, Ko) =F (Kr—Ko) L(Kr—K.), 


kK 


0? (K,, Ko) =52 exp (= 278 (K,— Ko) a ri]L(K;,— Ko) 
7 re Si Kr—k,)fi(ki— ke) - fi (Kkn-1—Ko) 
. | | SS Ee oe (26) |p 
ta ar Re ore) 
O” Kr,.Ky) =F (Kr—Ky)L(K,— Kp), (27) 
_1(FK—b)F(k—-K, 
0° (K,,K,)= =| BoP UK WLk—Kadh, ores 
(28) 
a, ee - 
0K, Ko)=— I. a | EK, — kx) F(R — kz) - - - Fin — Ko) 
mnt)" \ Ge — Kot) (hs? Ket): Una Ko!) on 


x LK, — kx) L(ki—kez)+ + +L (Kin — Ko) dkidka- - -dkn—1, (29) 


Scattering amplitude 0?Y 4 @?@4...is diagramatical- 6 
ly illustrated in Fig. 1. If the crystal is centrosym- 
metric and the Bragg condition is satisfied, @P?® ig in Fig. 1. 
the positive direction of the real axis, 0? nearly in hae 
the positive direction of the imaginary axis, 0?) near] 


; y in the negati irecti | 
axis, etc. The same holds also for 0Y+@-4...... f gative direction of the real IF 


pr) 
Illustration of @O?@)+@P@ — 
on the complex plane. j 


§3. Comparison of PKT with SBAC 
In the first approximation, PKT and SBAC coincide with each other [eqs.(24) 


and (27)], andl} 
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they coincide also with KT. 


The second approximation of PKT (25) can be rewritten for a plane parallel crystal as 
(Appendix I) 


ul if : 
OP) (K, Ky) Lib)> —27ib- 
( 0) eS ( = OK. = exp |[—2z7b-ri| 


. | inhib— ofdg)+ Pl’ SU ae (ovtg ‘ao | (30) 


Here K; in eq.(25) is simply denoted by K and P represents the principal value. Unit cell 
vectors a; and @; lie in the plane of crystal 
surface and 

b=K—K), 

G=Gia,*+Ge2e, 

g=G+ Ogd, (31) 

K,=Ko+g, 

So=|a1 X asl, 
where G: and G, are integers and fy is the 
excitation error for G (Fig. 2). The z- axis 
is taken normal to the crystal surface and » 
is the unit vector in z-direction. In the deriva- 
tion of (80), the integral over Ewald sphere is 
replaced by the summation over reciprocal 
lattice points. This is a good approximation 
as explained in Appendix I. 

For simplicity, we assume a crystal of one 
unit cell thickness with an area |Miai x Meay], 
where Mi; and Mz. are integers. Under this 
assumption, the second approximation of SBAC 
(28) becomes (Appendix II) 


ZH 


Ewald 
sphere 


ai - a’ plane 


Fig. 2. 


0(K,Ky) =: L() SSS exp [—2ni(b—g)- ki] exp [—2xig-r] 


790 G ae tj 


x  infb—ayf fo) + P| OPO cos 2x (zi— 25) odo 


—o 


+i? (b—g— pv) fl OV+9) gin On (zp—25) ol ‘ Se 
0 


where z is the z-component of ri. 
Eqs.(30) and (32) can be written as 


O?(K, Ko) =A+B, \ 
O(K,Ko)=A+A’+B+B’+B". (33) 


The expressions of A, B, A’ etc. are given in Appendix III. Terms A and B come from 
double scatterings within the same atom, whereas terms A’, B’ and B” come from double 
scatterings on different atoms. In reciprocal space, a double scattering is a successive 
transition of state from Ko to k and then to K. @?(K, Ko) and ®»(K, Ky) are made up 
of such transitions with all possible intermediate states k’s. Thus every point in the reciprocal 
space contributes to 0? and 9” as an intermediate state. Terms A and A’ are the con- 
tribution from the points on Ewald sphere, while terms B, B’ and B” from all the points 
of the reciprocal space except those on Ewald sphere. 
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It is easily seen that terms B’ and B” are quite negligible in comparison to B for the 
usual wave length of electrons (1OKV~500KV). Terms A’ is negligible in comparison to 
A, provided that the central parts of atoms where the atmic potential has considerable 
value do not overlap when the crystal is seen from the direction of Ko (Appendix IV). 
Thus it is concluded that PKT is a better approximation than KT, and particularly when 
the condition of non-overlap is satisfied, PKT is almost equal to the exact solution i.e. 
|OP'2)— M2 |<|O |, 

Under the condition of non-overlap, it is also found that |0°°—0®|<|d®|, |O?%—OO|< 
|O| etc. 

The conclusion reached above applies to crystals of any size and also to amorphous 
substances as shown in the following. If we assume an amorphous scatterer, we obtain from 
eqs.(25) and (28) for the second approximations of PKT and SBAC 


0? (K, Ky) = das Slexp [—22i(K—Ko)-ri] \ Ecce k)fi(k— Ko) 


tm 2Ko i 
Ewald 
sphere 
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OK, Ko) = = a ZElexp [—22i(K—k)-ri] exp [—27i(k—Ko)-15] 
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co 


x [inf = Kyf(k—Ko)+ P| Fi Beker wig vt Rh BO) 095 2n(es—2y) odo 
+ i f(K— a kK) sin 2n(e—ai)edo |da. (35) 
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Here Z(b) is taken as unity, and >) and >) are extended over all atoms in the scatterer. 


The derivation of (34) from (25) is exact aad any approximation as used in that of (30) from 
(25) is not necessary. Eqs. (34) and (85) are compared in the same way as in the case of 
eqs.(30) and (32). Then it is found that PKT approximation almost coincides with the exact 
solution provided that the number of atoms which overlap one another when the scatter is 
seen from the directon of Ko is negligibly small compared to the number of atoms which do 
not overlap any other (Appendix V). 

In Appendixes (IV) and (V), the atomic numbers of the atoms in the crystal are assumed 
to be nearly the same. If the crystal cotains heavy and light atoms, the overlap of two 
heavy atoms are important and that of a heavy atom and a light atom or of two light atoms 
can be neglected. This is verified because Si; given by (A8) and (A12) predominates only 
when both the i-th and the j-th atom are heavy. 


§ 4. Discussions 


It is concluded in the previous section that the result of PKT coincides with that of the 
exact theory under the condition that there is no overlap of atoms when the crystal is seem 
from the direction of the incident beam. This conclusion may be physically interpreted as 
follows. The scattering of electrons by an atom is considerable only for small scattering 
angles for the usual accelerating voltages (210 KV). Therefore, when the condition of non- 
overlap is satisfied, the multipe scatterings on different atoms are negligible compared to 
those in individual atoms. The reason that PKT is satisfactory for gas molecules may be 
understood as follows. Since gas molecules take random orientations, the probability that 
two atoms in a molecule arrange themselves along the direction of the incident beam is 
very small. Thus the condition of non-overlap is satisfied for most molecules. 


1960 : . F ee: 
) Pseudokinematical Approximation in Electron Diffraction by Crystal 2059 


: faucets. that PKT gives more exact value than KT for very thin crystals does not con- 
= ic “i € conclusion by Miyake,® Fujimoto” and Fujiwara” that the exact value approaches 
value in the limit 2D-0, where 2 is the wave length of electrons and D the crystal 


| thickness. 


es is consider the variation of J, with D fixing 4 to a definite value, where J is the 
intensity” of a given reflection h. It is well known” that, according to KT and PKT, the 


curve YJ, vs. D is a straight line if Bragg condition is exactly satisfied. This can be seen 
also from eqs. (22), (24), (25) etc. The curve for the exact value is tangent to the straight 
line for KT at the origin (Miyake, Fujimoto and Fujiwara) and it may cross the straight line 
for PKT at D=D, (Present theory), where D, is the one unit cell thickness. Thus the curves 


Vn vs. D for a definite value of 2 may be as illustrated in Fig. 3. 


Next, we consider the variation of 7 J, with 2 for a fixed value of D. KT intensity is 
independent of 2. From eqs. (22) to (29) it is found that PKT intensity and the exact intensity 
approaches KT value in the limit 2-0. Thus the intensity may change with 2 for a fixed 


| D as illustrated in Fig. 4. 


VT |. 
AG KT 
exact 
PKT 
exact 
| 
1 
| 
I 
O De D 0 >, 
Fig. 3. Dependence of ,“ J on D for fixed 2. Fig. 4. Dependence of 4/ / on 2 for fixed D. 


From Fig. 3 and Fig. 4, it is clear that the three intensities all coincide with each other 

in the limit 2D-0. It is noted that the structure factor of PKT F?(K, Ko)=>\f?i(K, Ko) 
‘ 

exp [—2zi(K—Ko)-ri] depends upon 4 and approaches the structure factor of KT #(K—Ko) in 

the limit 2-0. Here f” is the rigorous atomic scattering amplitude in which the multiple 


scatterings within the atom are taken into account. 
Ibers & Hoerni!® calculated f? for 40 KV by the method of partial waves for selected 


- atoms of the atomic numbers ranging from 1 to 98 using the Thomas-Fermi potential in the 


approximate from the Rozental. According to the result, the value of |f?| differs for 
heavy atoms considerably from the Born approximation value f calculated for the same 
potential (Fig. 5). Thus, at the usual voltages the discrepancy between the exact and KT 
value may be considerable for thicknesses around D. when heavy atoms are contained. This 
is supported by the fact? that the electron diffraction by gas molecules can be explained by 
PKT but it can not by KT at the voltages 10 -80KV. Thus, when we say that the exact 
value approaches KT value in the limit 2D-0, it implies that D must be reduced to a value 
smaller than the atomic diameter if the voltage is fixed to say 80 KV, or that the voltage 


“must be increased much higher than 80 KV if D is fixed to a physically possible value. 


According to the numerical calculation by Fujimoto,” the exact intensity coincides with 


* Peak intensity. The ccnclusion of this section holds also for the integrated intensity. 


2060 Mitsuhiko HAYASHI (Vol. 15, 


KT value within the error of 3% for 1ll-reflection from Au of the thicknesses smaller tham 
15 A at 2xz/A=100 A-! (37 KV). On the other hand, from the value of | /?4n| calculated byj 
Ibers & Hoerni, it is found that J?)1://*11=0.7844 
20 for 40 KV for the same crystal, where /711 andi 
T£y, are the intensity of 111-reflection given byy 
PKT and by KT, respectively. Thus the exactt 
intensity must differ from that of KT by about! 
13 + 20% for D~D.=4.07 A. The conflicting result of f 
the two calculations may be caused by the ne-} 
kia glecting of the accidental interactions in Fuji- 
moto’s calculation. 
For usually available values of 2 and D, th 
exact intensity can neither be approximated by K’t: 
value nor by PKT value. Therefore, the metho 
5r of extrapolation is needed in order to obtain the 
intensity of KT or PKT. If we extrapolate the: 
observed (exact) intensity to 4=0 at a fixed value 
A of D, KT intensity will be obtained, In the method 
e SS OF inl @/2)/a A) ee proposed by Honjo & Kitamura” the diffraction 
, patterns are taken for various 4 and the intensity 
Fig. 5. Comparison of |f?| for 40KV and in the limit 200 is obtained. It is also possible 
ae eee" mi potential —_ in principle to extrapolate the intensity to D= Dp at 
; a fixed value of 2 and obtain PKT intensity. But 
the reflections for which the procedure is valid are limited on account of the condition of 
non-overlap. Moreover the procedure is experimentally impossible even for the reflections fort 
which the condition of non-overlap is satisfied. Thus, PKT is not applicable to the structure? 
analysis of crystals, while KT is convenient for the purpose. Theories by Miyake,® F uji-- 
moto® and Fujiwara” provide the theoretical basis for the method by Honjo & Kitamura. | 
The present problem was suggested to the author by Prof. Ryozi Uyeda. 
In conclusion, the author wishes to express his sincere thanks to Prof. Ryozi Uyeda for: 
his kind guidance throughout this work. The author’s thanks are also due to Dr. Y. Kainumai 
for his valuable suggestions and discussions. | 


Appendix 
(I) Derivation of (30) 
The integral in eq. (25) is calculated as follows. 
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Thus eq.(25) can be written as 
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, order of a*, we have 


FAK —Ryfike— K)do~—— 5. us 7, f(K-Ki)f Ko Ko), 


Ewald 
sphese 


k2 — K,? = G 212 0 


Substituting (A2) into (Al), we obtain eq. (30) 
i] (I) Derivation of (32) 


i (14), for large M: and Mz, 

L(6)~ > >.0(E—G1) 6 (y—G.), 
G1 G2 

) the help of eqs. (13) and (A). 


1 (II) Expressions of A, B, A’, B’ and B” 


> exp [—277b-ri] fi(b—g) fig), 


| Mose foro sin 2n(zi—z;)odo . 
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(IV) Comparison of A’ with A 
Eqs. (A4) and (A5) can be approximately written as 


A~t L(6) > exp [—2zib- ri] Su(b), 


il 
ae 


> exp [—2zib-ri] a Si5(D), 


ee 
A i. ‘Sé td) es U 


Sis(b) = HO 9)fs(g) exp [—2n1g-(r3—1%)]. 


are nearly equal, 
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For a crystal plate of one unit cell thickness with an area |Mia,Xx M2az:|, we have from 


A= LOE ve 4 
vib.rjp| LO-9—m)flov+-9) 
> aes exp [—2zib rap | A 0, 
ae =-LOS. >> exp [—2z27(b—g)-riJexp[—2zig- rj] fib—g)fi(9) , 
G sos tJ 
B= a NS >> exp [—2z21(6—g)-ri] exp [—2zig-rj] 
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where 2 represents the summation over j excluding j=7. Sij(b) is given by 
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i Taking into account that f(b) changes only a little when b changes by an amount of the 


(A2) 


(A3) 


il where G: and G» are integers and b=£a,*-+ya.*+€a;*. Eq. (32) is obtained from eq. (28) by 


(A4) 


(A5) 


(A6) 


(AZ) 


(A8) 


| In the case where the number of atoms in the unit cell is small and their atomic numbers 


(A9) 
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For the reflections of low indices, |Qij| is 
determined almost solely by sij, where sis is 
the smallest distance between i-atom and 
j-atom projected on the plane perpendicular 
to Ko (Fig. 6.). |Q:;| decreases monotonously 
from unity to zero when si; increases from 
zero to infinity. |Q:;| is negligibly small in 
comparison to unity when si; is larger than 
the sum of the screening distances (ai+a;) of 
the atomic potentials of 7-atom and_j-atom. 
Here the screening distance a is such a dis- 
tance that ¢:(7)}<1 for r>a:, where ¢i(7) is 
the screening function of the atomic potential 
of i-atom. An example of curve Qi;(si;) is 
given in Fig. 7. 


fe 
OOO 
OG 0 


Fig. 6. Illustration of overlap of atom. 


[Qnal 


= 


snia(A) 


Thus we see that A’ is small in comparison 
to A when si is larger than (ai+a;) for every 
pair of atoms 7,7. This is the condition of 
non-overlap mentioned in §3. 

The rapid decrease of |Qi;(si;)| with increas- 
ing sij is due to the summation over all G’s in 
(A8). The summation means that the ac- 
cidental interactions as well as the systematic 
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interactions are taken into account. If the | 
summation is made only over the systematic 
interactions, |Qz;(siz)| does not decrease so ra- | 
pidly. 

(V) Comparison between (34) and (35) 

Eqs. (34) and (35) are written in the form 
of (33). The expressions of A, B, A’ etc. in| 
this case are easily found by comparing (34) | 
and (35) with (30) and (32). An order estima-— 
tion of these quantities shows that also in this 
case B’ and B” are negligible compared to B. 
A, A’, Siy and Qij are given by 


pays Or eS exp (AK Ki SRR, 
(A10) 
Asse > exp [22i(K—Ko)- ri] >’ Sis( K— Ko), 
o 2 Jj 
(All) 
Shoe ye [exp (tied RiGee 
Ewald 
sphere 
x fil K—k)f(k— Kodo, (A12) 


Qis=Siy/Sta 


Qi; is found to decrease rapidly with increas- 

ing si; aS in the case of Appendix (IV). In 

the summation over 7 in >’ Sij(K—Ko) of 
a 


(All), only the atoms in the neighbourhood of 
the i-th atom must be taken into account. If 
non of those atoms overlap the 7-th atom, then 
= Si3<Su. When the condition > Si5<Su 
holds for most of the 7-th atom, we have A’ < 
A from (A10) and (A11) assuming the random- 
ness of the phases exp [2zi (K—K.)-ri). 
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Evidence of antiferromagnetism in perovskite-type potassium iron 
group fluoride KMF3 was found through the susceptibility measurements 
made between 80°K and 700°K. The obtained results are as follows: 


Compounds Tw(°K) 6(°K) Cu p 
KMnF, 88 158 4.735 6.15 
KFeF, 113 dee ai bys 
KCoF; 114 125 3.07; 4.95 
KNiF; | 275 843 2.41, 4,39 
KCuF; | 243 355 0.58, 2.16 


Tw: Néel point, 
Cy: Curie constant, 


@: paramagnetic Curie temperature, 
p: effective Bohr-magneton number. 


Additional thermal analysis was also made in order to confirm the Néel 


points. 


The magnetic properties of these compounds are reviewed and 


brief discussions of our results are given. 


§1. Introduction 

Recently, the magnetic properties of com- 
pounds with relatively simple structures, for 
example, MO, MF:, MF;, LaMOs, etc.,” have 
been investigated experimentally and theore- 
We have been interested in 
the magnetic properties of the series of KMF:, 
which has the perovskite structure. Although 
LaMO;2 and MF3*) are similar to KMFs as 
regards crystal structure, the M ions in the 
former two series are trivalent and it is not 
always easy to obtain the compounds with 
ideal composition or to prepare the specimens 
in the form of single crystals. On the other 


hand, the M ions in the latter are divalent 
and cover all of the more-than-half transition 


metal ions ranging from Mn*+ to Cu**, and 
it is possible to obtain their single crystals. 


Table I. Lattice parameters of KMF3 


Compounds values at 298°K (A) 
KMnF3 a; 4.191+0.001 

KFeF3 a; 4.122+0.001 

KCoF3 a; 4.069+0.001 

KNiF3 a; 4.015+0.001 

KCuF3 A( = 2a); 5.855+0.002 


Cla velen 7852-0004 oo Eon) 


In these materials, we may expect to obtain 
plenty of information about the superexchange 
and anisotropy mechanisms, since the M ions 
are arranged on the simple cubic lattice with 
a F- ion in the center of each two adjacent 
M?+ ions. <A detailed X-ray investigation on 
the crystals prepared by us have been per- 
formed by Okazaki et al.,*? whose results are 
shown in Table I. 
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On the course of our studies, we came to 
know the results of investigation made by 
Martin et al. They have found the Néel 
points of this series to be KMnF:(incomplete), 
KFeF3(115°K), KCoF3(135.3°K), KNiF3(275°K), 
KCuF:(<100°K) respectively. Recently, Shul- 
man et al observed the N.M.R. shift of F!® 
and Co®?, F!® in KMnF;” and KCoF3” respec- 
tively. Ogawa®) measured the susceptibility 
of KMnF;. Their results are not always in 
agreement with our results. In this paper, 
our measurements of the powder susceptibility 
will be described and the magnetic properties 
of this series will be reviewed. 


§2. Preparation of the Specimens 


All specimens were prepared from the re- 
agent grade of chemicals. The employed 
methods of preparation will be described for 
each compound. 


KMnF; 3 


We obtained KMnF; in the precipitated 
form from the aqueous solutions of the 
weighted 3KF and MnCl.-4H:O. The precipi- 
tates packed in the carbon crucible were dried 
in vacuum and melt in the argon atmosphere 
to crystallize. Another method is to melt the 
precipitates in the nitrogen atmosphere with 
KCl or KI as a flux. Thus we obtained white 
transparent (with a dash of pink) crystals. 
The specimens obtained by these two methods 
showed completely the same magnetic pro- 
perties. 


KFeF:: 


The preparation of KFeF; is the most dif- 
ficult. The precipitates obtained from FeCl, 
and KF reaction have a pseudo-perovskite 
structure and are ferrimagnetic below ~110°K. 
This ferrimagnetism may perhaps arise from 
the Fe*+ contamination in the starting ma- 
terial FeCl,. By melting there precipitates 
in the argon atmosphere, we could obtain 
rectangular brown crystals of KFeF3, which 
were proved to be cubic by X-ray analysis. 
As these crystals are mixed with a little 
amount of magnetite, we could not obtain a 
quantitative results; they are however not 
ferrimagnetic but antiferromagnetic below 
IS "Ae 


KCoF3 and KNiF3: 


The concentrated aqueous solutions of CoCl, 
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and KF-HF were mixed and the water was 
evapolated at 90°C. When a proper amount 
of KCoFs precipitated, the remained KCl and 
HF were fully washed out by boiled water. 
The powder was then dried in vacuum at 
about 200°C. KNiF; was also prepared by 
the same method. 


KCuF3;: 


At first, CuCO; was dissolved into an excess 
equeous solution of HF, then an adequate 
composition of KF was added. This dilute 
solution was kept in the temperature con- 
trolled (90°C) drying furnace, then excess 
water and HF were evaporated. By using 
this method we could obtain crystals of KCuFs3 
slightly with coloured violet and about 2x2x1 
m/m in size. 

Because of the difficulty of the chemical 
analysis of F-, we could not know the precise 
composition of these compounds. Only com- 
parison between the diffracted intensity and 
density gave information or regards the com- 
position. 


§3. Susceptibility measurements 


Susceptibility was measured in the nitrogen 
atmosphere by the use of the automatic re- 
cording magnetic balance of Hirone type.° 
For the determination of the absolute value, 
Gouy’s method was employed. Temperatures. 
were measured by a fine copper-constantan 
thermocouple (~0.lmm¢). The correction 
for the exerted force due to the constantan 
wire becomes considerably significant at tem- 
peratures below~150°K, especially in the 
measurements of the low susceptibility com- 
pounds such as KNiF3; and KCuF;. The 
errors of the susceptibility measurements are 
estimated to be less than one percent. 


§4. Results and discussions 


KMnF;3*: Fig. 1 shows the measured, 
gram susceptibility x in the case of heating 
run. The Néel point is estimated to be 88°K, 
below which the susceptibility strongly 
depends upon the field strength, suggesting 
that the crystal has a weak ferromagnetic 


* Dr. Portis et al have made torque!, X-ray) 
and microwave!) measurements on KMnF;. Their 
results are consistent to our results. We would 
like to express.our thanks to Dr. Portis for kindly 
supplying their preprints. 


| 1960) 


be reported very briefly. 


component. Under field strengths higher than 
5,000 gauss the susceptibility in the antifer- 
romagnetic region does not depend on tem- 
perature showing that the spin moment is 
flopped into a plane perpendicular to the field 
direction. Such an easy flopping is convincing 
if we consider that Mn?* is in °S state and 
is on the simple cubic lattice points for which 
there should be no dipole-dipole interaction. 
At a temperature a little above the Néel 
point the susceptibility curve shows a kink. 
The origin of the occurrence of this kink is 


200 
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not understood at present, but the observed 
curve for KMnFs; is very similar to that for 
MnCO3.!2 The susceptibility follows the 
Curie-Weiss law above about 200°K but not 
below it. X-ray determination of our sample 
shows that, below about 200°K, the crystal 
becomes tetragonally deformed. The observed 
paramagnetic Curie temperature @ is 158° and 
the effective Bohr-magneton number p is 6.15, 
which is somewhat larger than the free spin 
value 5.92 for Mn?. 

As the preparation of this specimen 


KFeFs;: 


100 


am =| 
O 100 200 
icc 
curve for KMnF3. 


is difficult, the measured susceptibility will 
Fig. 2 shows the 
measured results. This specimen contains 
evidently a trace of magnetite, but it may be 
pointed out that below 113°K KFeF; becomes 


- antiferromagnetic. 
= 
,e} 100 200°K 
Fig. 2. The susceptibility-temperature curve for 


KF.F;, which contains a trace of magnetite. 


Fig. 3 shows the measured suscep- 
Below 114°K x decreases 


KCoF;: 
tibility of KCoF3. 


“monotonically with falling temperature, thus 


114°K is thought to be the Néel point. In 


some specimens the ymax point was about 20 
degrees higher than 114°K. But the results 
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Gram susceptibility (inverse susceptibility) versus temperature 
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Fig. 3. Gram susceptibility (inverse susceptibility) 
versus temperature curve for KC)E3. 
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of X-ray and calorimetric measurements sug- 
gest that 114°K is more preferrable*. The 
paramagnetic susceptibility follows the Curie- 
Weiss law above~500°K, but deviates below 
it. The values of 0, Cy and p obtained in 
the region between~500°K and 700°K are 
125°, 3.07 and 4.95, respectively. 

6/Tw is 1.09 which is the smallest in this 
series. As the 0/Tw value of KMnF; is 1.80, 
the lower @/Tw value in KCoFs3 may be, as 
pointed out by Kanamori! for CoO, the 
effect of the residual orbital moment of Co?+ 
in the cubic field. The temperature dep- 
endence of y, the value of Cw and p are 
very similar to those of CoO measured by La’ 
Blanchetais™. As is well known, the lowest 
orbital triplet of Co?+ in the cubic field 
is split into three levels with j=1/2, 3/2 and 
5/2 by the L-S coupling. As these level 
separations are of the order of kT which cor- 
responds to the temperatures of measure- 
ments, one may be able to expect a con- 
siderable deviation of x from the Curie-Weiss 
law. An analysis of such a case has been 
made with success by Kanamori'® for CoO. 


Fig. 4. Gram susceptibility (inverse susceptibility) 
versus temperature curve for KN,F3. 


KNiF3;: The measured susceptibilities of 
KNiF; are shown in Fig. 4. A fairly broad 
maximum was found at 275°K, below which 
4% decreases in the usual manner and the ratio 
%7r-0/Xmax iS 9.0/13.2=0.68 which is very nearly 
2/3. We examined further the field dependence 
of susceptibility below the Néel point, but no 


* Ty for KCoF, has been reported to be 135.3°K 
after Martin et al®) and 137°K in the paper of 
Schulman.?) 
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change was detected at all. Thus we suggest 


that the spin moment of Ni?+ in KNiF; is 


fixed to the crystal axis. In the paramagnetic 
region x obeys the Curie-Weiss law with 0= 
840° and p=4.39,, but again deviates from it 
below~400°K. This deviation may be the 
effect of short range order still remaining 
above the Néel point. It is noted, however, 
that the observed 9 and p are unusually 
large compared with Tw=275°K and p= 


2VS(S+1) =2.82 for the free spin value of | 


Ni?+. Such a high p has also been observed 
in NiO (p=4.6) by Singer. 

In order to interpret this, we subtract 
tentatively a temperature independent suscep- 


tibility ye=3.5 x 10-® (of Ymot c= 9.6 =105*) fromm 


the observed paramagnetic susceptibilities and 
get the corrected value of @ and p as 300° 
and 2.80, respectively, both of which are rea- 
sonable value. In the cubic field the orbital 
levels of Ni?* consist of higher two triplets 
and the lowest singlet and the separations are 
usually fairly large compared with kT. Thus 
the temperature independent term ye may be 
the Van Vleck paramagnetism plus a small 
part of diamagnetism due to the constituent 
nonmagnetic ion cores. 
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Fig.5. Gram susceptibility (inverse susceptibility) 
versus temperature curve for KCuF3. 


KCuF;: Fig. 5 shows the susceptibility of 
KCuF;. A broad maximum in y—T curve 
was observed at 243°K, below which yx de- 
creases slowly with falling temperature. The 
Curie-Weiss law is applicable at temperatures 
higher than 500°K. Because of the small 
susceptibility, the magnetic properties of 
KCuF; are very sensitive to diamagnetic cor- 
rections or contamination of other paramagnetic 
salts. From the observed data, without any 


| and Nielson). 


1960) 


diamagnetic corrections for K+ and F-, we 
obtained 0=355° and p=2.16. As the lowest 
orbital state for Cu?+ in the cubic field is dy, 
p should be very nearly 1.73, which is the 
free spin value of Cu?+. The experimentally 
obtained p=2.16 is considerably higher than 
1.73, and if suitable diamagnetic corrections 
are made p will become still larger. As in 
the case of KNiF;, we may be able to con- 
sider the Van Vleck paramagnetism due to 
the upper d& orbits, but no reasonable ex- 
planation for @ and p has been found at 
present. It may possible that KCuF3 has an 
A-type’ antiferromagnetic spin structure as 
in LaMnO; and MnF; because the Cu?2* has, 
like Mn**, an unpaired electron in dy orbits 
and by X-ray studies!” it has been confirmed 
that the crystal has a large Jahn-Teller dis- 
tortion very similar to that in LaMO; or MF3;. 
‘Thus, KCuF; would might have an A-type 
structure, and one might expect a small or 
rather negative 0/Tw, because in the A-type 
‘structure there exists ferromagnetic nearest 
neighbour coupling within the {001} planes. 
This is the case for MnF; studied by Bozorth 
In our case, however, 0/Tw 
is positive and not so small compared to 
unity. Thus at present we are not certain 
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whether or not KCuF; has an A-type struc- 
ture. 


§5. Thermal analysis 


In order to ascertain in another way the 
antiferromagnetic transition of the substances 
thermal analysis was made by a simple 
method (a type of conduction calorimeter). 
Measurements were made on KCoF3, KNiF; 
and KCuF:. A typical sharp anomalous hump 
in specific heat curve was observed at 109°K 
for KCoF;, 253°K for KNiFs and 220°K for 
KCuF;. These temperatures are all somewhat 
lower than the corresponding temperatures 
Tw, found by susceptibility measurements. 
Although any marked changes of the crystal 
symmetry of KNiF; and KCuF; have not been 
observed by X-ray, we believe that the anti- 
ferromagnetic transition was comfirmed. The 
fact that Tw determined from susceptibility 
measurements are higher than those from 
thermal analysis is a common fact, and it has 
been explained by Nakamura’) as due to 
statistical effects. 


§6. Conclusion 


The details of the present experiment and 
discussions of the results were already des- 


Table II 
Compounds | Mol. Wt. Tw*K - Cu p es 0a on, 
a hel fel nc Mag. ola Spihy (ex -rayt ; 
KMnF3 151.04 | 88 AO: 6.153 1.80 
KFeF3 Ney * | 113 102 | 
KCoF3 155.04 114 109 112 | 3.075 4,95g 1.09 
KNiF; 154.81 Jf) 253 — 2.41; 4.394 3.07 
KCuF3; 159.64 243 220 — 0.587 2.16 1.48 
* After Okazaki” 
Table III. Comparison of Neel temperatures of various cubic compounds in °K. 
3 ss ————— = ® > ae ; dé po a | d’ da? 
LaMO; LaMnO3 LaFeO3 LaCoO; | 
100 | 750 = | 
F MnF | FeF CoF3 
Aa 43° 304 460 
| 
MnO FeO CoO NiO | CuO* 
ee 118 189 290 520 | 230 
F KFeF KCoF- KNiF,; |  KCuF3** 
Se oa 113° 114° Bist be Vin2as 


* Monoclinic complicated structure. 
** Tetragonally deformed perovskite structure. 
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cribed for each compound KMF;. In Table 
Il the characteristic magnetic properties of 
this series are summarized. 

It is interesting to compare the Tw of the 
KMF; series to those of other cubic com- 
pounds such as MF;, LaMO; and MO, because 
in the crystal of perovskite structure Tw may 
be a direct measure of the superexchange 
among the M ions. This is shown in Table 
Ill. Unfortunately, full comparison with other 
perovskite type compounds can not be made. 
But it may be pointed out that in the MO 
series Tw becomes successively higher toward 
high d electron compounds, while in the 
KMF, series it may be classified into high 
Ty group of more than d&dy?(KNiF3; and 
KCuF;) and low Tw group of less than d&*d7? 
(KMnF;, KFeF3;, and KCoFs). 

Lastly it is pointed out that the suscep- 
tibilities of this series show not necessarily 
a sharp maximum at their Néel point and 
the Curie-Weiss law is applicable only at 
higher temperatures than twice as large as 
their Néel temperatures. As a matter of 
fact, we observed in some of the crystallized 
specimen of KMF;, a temperature independent 
susceptibility in a wide range immediately 
above the Néel temperature, like in the case 
of ZnFe.0,.2” It is not certain at present 
whether this result is due to the effect of 
some special properties of short range order 
in such a type of crystal or to a certain in- 
completeness of their crystals. 
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The Perturbation Method due to the Small Change in the 
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A general method is presented for estimating the effect caused by a 
small change in the boundary shape (or the hypersurface shape in the 
many-dimensional space, the time-coordinate being included) upon the 
solutions or eigenvalues of linear partial differential equations (elliptic, 
parabolic or hyperbolic). When the given boundary is slightly deformed 
from a shape favorable for obtaining the solutions, this method gives 
the approximate solutions or eigenvalues based upon the exact or unper- 
turbed ones for the case of the favorable shape, where many solutions 
can be obtained easier. The following illustrative examples are given, 
showing the validity of the method presented: (1) The eigenfrequencies 
of the lateral vibration of a uniform membrane fixed at its boundary 
close to a circle in shape, e.g. elliptic, oval, cinquefoil-shaped, etc. (2) 
The eigenvalue problem concerning the heat conduction of a ‘‘corned- 
beef-can’’-shaped uniform matter, close to a rectangular parallelepiped 
in shape and with its temperature being kept constant on the boundary 


surface. 


(3) Three boundary-value problems representing the parabolic, 


hyperbolic and elliptic cases, respectively. 


Introduction 


§1. 

Generally speaking, the partial differential 
equations in physics are laid to be solved, not 
alone, but always together with boundary- 
conditions. For boundaries of favorable shapes 
(or ‘‘favorable boundaries’’ for short), such as 
circle, sphere, rectangular parallelepiped, etc., 
many have been solved analytically. For 
boundaries of rather irregular or unfavorable 
shapes (or ‘‘unfavorable boundaries’’), however, 
it is generally difficult to solve the equations 
analytically, except in some special cases. 
But, when the deviation of the given boundary 
from a favorable one is small, the very situa- 
tion makes a method for approximate solutions 
possible. 

Two ways of approach have been presented; 
the one commenced by Brillouin™ consists in 
expanding the perturbed solution by the eigen- 
functions of the unperturbed, exactly solvable 
problem. It needs to solve a secular equation 
of infinite order, the solution obtained diverges 
in most cases, and so only a few problems 
have been solved by this method. 

The other method, introduced by Oshida et 


* Read at the 15th Annual Meeting of the Phy- 
sical Society of Japan, on April 5, 1960. 
** Tokyo Noko Daigaku 


al.,“ seems more promising, for it surmounts 
the difficulty by the use of an appropriate 
transformation of the variables, changing the 
shape of the boundary to a favorable one. In 
general, this transformation makes the original 
equation more complicated, but, if the trans- 
formation is small, the transformed equation 
can be treated by a method similar to the one 
familiar in the ordinary theory of perturba- 
tion. 

The latter method is not generally known, 
nor to be said well-established, in spite of its 
applicability to the wide field of mathematical 
physics. In this paper, the present author 
generalizes the method extensively, giving the 
formulae in a form immediately applicable to 
the vast field of mathematical physics. These 
formulae are sufficiently compact and are as 
easily handled as those in the ordinary per- 
turbation method. 

Concerning the extension of the method, a 
new technique is presented in boundary-value 
problems (in the broader sense, including so- 
called initial-value problems), which makes the 
problems with time-dependent boundary-condi- 
tions solvable, by admitting the time-coordi- 
nate into the method. 

Although the practical terminology, 


ce 


un- 
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favorable’ and ‘‘favorable’’, is used from the 
point of view of contributing to the intimate 
connection between the theory and its practi- 
cal application, the discussion concerns only 
the two categories of boundaries, “given or 
deformed’’ and ‘‘undeformed’’, and so it is 
not necessary that the former should be always 
‘unfavorable’? and the latter ‘‘favorable’’, 
since the present paper aims originally at the 
effect which a slight defurmation of the 
boundary has upon the solutions or eigen- 
values. 


§2. General Principles 

1. The introduction of the one-to-one mapping 
between the two boundaries, given and 
favorable. 

A linear partial differential equation (or 
simply ‘‘equation’’ for short, when there is no 
fear of confusion) 

LY (x)=—h(x) ry) 
is given with some specified boundary-condi- 
tion on its specified boundary 

Ce SSO Oe Bard) (GZa) 
in the N-dimensional space (including the time- 
axis, as the case may be). JL is a linear 
partial differential operator, “(x) the solution 
to be sought for, h(x), S(x) and X(A) the given 
functions of x and A, respectively, continuously 
differentiable with respect to their arguments 
up to the requested order, x and 4 represent- 
ing symbolically the independent variables x” 
and the independent parameters 2’, with the 
indices a and 7 obeying the following rule: 

Any index is assumed (unless any special 
mention is made) to vary from 1 to N, or 
from 1 to N-l, according as it is Greek or 
Latin, respectively. Also, any index appear- 
ing twice in one term should be regarded as 
a “‘summation-index’’, as is familiar in tensor 
calculus. 

If the given boundary C is slightly deviated 
from the favorable one 


CrhnSi2s) =0- tor neh GA) (3) 
the functions S and X in Eq. (2) will be ex- 
panded in power series of a smail quantity € 
(1€|«€1), respectively, as follows: 

S(x)=S(~)+ ESM a)+ €2S@(x)4+ 1... 

X(A)= XOA)+ 6 XM(A)+ E27XA)+ ..5 (4) 


where S@@) ands X™(2))2=0fi, 2)qneilare 
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the known functions of x and 4, respectively, 
sufficiently qualified concerning their differen- 
tiability with respect to their arguments, etc. 

Now, suppose that the following transforma- 
tions (5) and (6) are one-to-one mappings, of 
the given domain D (together with the sur- 
rounding boundary C) onto the favorable — 
domain D, (together with the surrounding | 
boundary C.), and merely of the given boundary _ 
C onto the favorable one Co, respectively: 


KP =H + CYVUH)+ SE 2Q2O(X) +... 
or, symbolically, 

Kaxt CGM) *o2(x)+ 
and 

aR + | AMA) E2AM A+... 
or, symbolically, 


(5) 


A=A+ €E ADA) EtAM”+L (6) 


where g#(x), g(x), ... and AA), Aé(Q), 
. are the functions of x and 4, respectively, 
the former (‘‘domain-to-domain deviation func- 
tions’’, so to speak) being defined in and in 
the neighborhood of Do, and the _ latter 
(‘‘boundary-to-boundary deviation functions’’, 
so to speak) being defined on Co, both quali- | 
fying the geometrical deviation of the given 
boundary from the favorable one. not indepen- | 
dent of each other as a matter of course, as | 
is shown in Eq. (13), and being, of course, | 
assumed to be continuously differentiable with | 
respect to their arguments up to the requested | 
order. | 
Here, € is assumed to be sufficiently small 
to make the Jacobian to be positive, therefore | 
permitting the following “‘inverse’’ transforma- | 
tions (writing symbolically): 
K=K— EG (x)— EG (4)—DOQO(H)}—--- 
(7) 
and 
2=A— € AM(2)— €4{AMA)— Dy AM(A}H- | 
(8) | 
respectively, with D” and D™,,) being defined | 
in Eq. cry ) 
Eqs. (4) are rewritten in terms of % and an | 
respectively, by means of Eqs. (5) and (6),as 
follows: 
S@Q=SO Me {S(%)+DOS(x)} f 
a= *{S(x) + DYS® (¥)+- D®S (XZ) }+ | 
(9) { 


and 


1960) 


X(A)=X(A)-+ €{XM(A) + DO. X (2)} 
fie 2X) (A)+ D® (X22) + DO.) X(2)} Ce ae 


(10) 
where 
Dg) 401 : 
DP avax Amidon O_o 2 (11) 


Therefore, the above-adopted mappings or 
transformations (5) and (6) should be such ones 
as transform the equation of the given bound- 
ary (2) to the following. series of equations, 
respectively: 

S=0, (SO+4 D@S) 9 =0, 

(S@ + DYS@ + DO $).c_9 =0, S46 
and 

x= XOX), (9) 2-2 =XVFD yD XO, 


(g) --x(0) = X + DO.) XOL DO Qj) XO... 
(13) 


(12) 


as are easily verified. 


2. Introduction of ‘‘virtual’’ scalar functions. 

Corresponding to an arbitrary scalar func- 
tion u(x), a new or ‘“‘virtual’’ function (x) is 
defined by the following relation: 
(14) 
- where x and x are related to each other 
through Eq. (5), and, just because of Eq. (5) 
being one-to-one mapping, # and uw are defined 
by each other in such a way as @ is defined 
in Do by means of z defined in D, and vice 
versa. 

By making use of Eq. (5), the relation 
between # and wu is obtained as follows: 


ti(x) =i(X+ € P(X) + €79P(K) +...) 
=u(x)+ € Dax) + € 2D2U(x)+... 
=u(x)+ € DYu(x)t+ €?DOu(x)+ .-- 


U(x) =u(x) 


He. 

a=(1+€DO+ e7DO+ ...)u (15) 
or, inversely, 

u=[1— € DP— €2(D@— DO D)—. . Ju (16) 


as is easily verified. 
For instance, by making use of Eqs. (12), 


Ses 
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which shows that the virtual expression of the 


given boundary C is the favorable boundary 
0. 


3. Introduction of ‘‘virtual’’ tensor functions. 


Corresponding to an arbitrary covariant or 
contravariant tensor function, ta,as...a,(X) OF 
u%1%2""%n(x), a new or ‘‘virtual’’ covariant or 
contravariant tensor function, @ajas...an(X) OF 
u%1%2"""%n(x), is defined by the following rela- 
tions, respectively: 


= _. OxPi OxPe OxPn 
thet» -tig\ 5S) =A ° Aree. “s “gan /PrB2---Bn(*) 
and 
ye a ae 
een 
(17) 


where x and x are related to each other 
through Eq. (5) and the correspondence between 
the tensors, given and virtual, is also one-to- 
one. 

By making use of Eqs. (5), (7), (15) and (16), 
the relations between the original and the 
virtual tensors are obtained as follows: 


nr 
Ut cin =Ua,-.an+ € [ 2m QPS slaty »-c'g_1Bgte41--Oin 


+ DOua,..0n]+ Mieke 
and 


n 
mes &n =y%1" en — coal Sy OMS PIT) pS NL CEERI ELS 
se] 
— Dyn nJ—... (18) 


or, inversely, 


n 
=F 1 7; 
Ua, din =Ua,- an, ; e[ 2 gS IBS ey plat; -.0ig— Rgds y- +n 


+D%te,..,]— .. 
and 


Ue n= n+ Ef by QS 4% °%s—1°Ps M41" An 
s=1 

— DY 4% en) +, (19) 
where the indices attached to the right-hand 
foot of any function, with a comma ahead of 
them, mean its differentiation with respect to 
the coordinates or arguments denoted by them 
as follows: 

On 


= Oe eae On 
fic ax” ’ F 12192 -g = Ox%10%%2" Onn 


as is usual in differential geometry. 
Especially, as regards the fundamental 
metrical tensors, covariant and contravariant, 


elce 


gap=Laet € g@Vagt e+e 
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and 


gt = gb — CBee Tak (20) 


where 
2 ap=0O" a8 + 9 pay + D% Sap 
= Sarkp0gr” 
gMB=ghe,, gIB+4 pi gay — DO gaP 
=p gP7 gM oe 
which will be used later in the transformation 
of boundary-conditions, etc. 


4. Introduction of ‘‘virtual’’ functions corres- 
ponding to the functions defined on the 
given boundary C. 

Corresponding to an arbitrary scalar func- 
tion F(A) defined on the boundary C, a virtual 
function F(A) is defined by the following rela 
tion: 


F()=F(a) (21) 


where 4 and 4 are related to each other through 
Eq. (6) and, just because of Eq. (6) being one- 
to-one mapping, the correspondence between 
F and F is one-to-one. 

The relation between F and F is obtained 
as follows: 

F(4)=F(A+ € AM(A)+ €27AP(A)+...) 
=F(A)+ € D9 FA)+ €2D® wy FA)+ . 
=F(A)+ € DO wFUA)+ €? DO wy FA)+ ... 

i.e. 
F=(1+ € D@)+ €2D@ a +...) F (22) 
or, inversely, 
F=[1-€ Da) 
— €2(D™Q)—DPQ)DOw)—.. JF (23) 
as is easily verified. 

It is easily shown by making use of Eqs. 
(4), (13), (15) and (22), that, corresponding to 
the equation of the given boundary C: x= X(A), 
its virtual expression is x=X (2), the equa- 
tion of the favorable boundary Co (which might 


be, therefore, referred to as the ‘‘virtual’’ 
boundary). 


5. Introduction of ‘“‘virtual’’ linear partial 
differential operators. 

Corresponding to an arbitrary linear partial 

differential operator LZ (or merely ‘‘operator’’ 
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for short, when there is no fear of confusion), | 
a new or “‘virtual’’ operator L is defined as ] 
follows: 


La=Lu (24) | 
where the correspondence between L and L | 
is also one-to-one. 1 

By making use of Eqs. (15) and (16), the | 
relation between the operators, given and 
virtual, is obtained as follows: 


Lai=Lu=(1+ €D@+ 62D + .. Lu 
=(14+6€D%+e2D@+..)L 


(1— € D® — €2(D®) —D™ DO) — .. Ja 
therefore 
L=L+eELO+eLo+... (25) 
where 


LYX=DOL—LDX 
L®=DOL—LD” — LY) 


or, inversely, 


L=L—€LY— 623L@_ _., (26) J 
where 

LY=DoL—Lp 

L@=D@L—LD®— DOL 

The virtual expressions or ‘‘transforma- |, 


tions’ of several important operators are given | 
in explicit forms, convenient to use, to the:) 
first order of approximation here, where the:| 
chief aim is to have the extensive scope of t 
the subject rather than the elevation of the } 
order of approximation, as follows: q 


[1] Laplacian operator 


ASN Vert Natiien (27) }] 
where 
1 0 — 0 
A= —— —— iy eat 
V 2.0 V 88 0x8 
LY n= | 1 Ages CRG 
Ve gaox 
Lo — 0 
1a S ox 9 | 
VY £04? 5. OxP | 
cF ap OV zg CY) 
O%B=o(ap_ esas EG — Ba 
= V2. cx) : 


&=|ael 
the time-coordinate being here assumed to be>| 


not included among x or to be a mere para- +} 
meter at most, if it appears. 


TST ER a 


1960) 


{2] The “‘heat-conduction’’ operator 


| Bea ae CLO ot... (28) 


where 
J Exe =A = “ 
Ot 


LY, .¢. Se(LY x+ LO tA)tL™ apae 
LO R==| EO WotEq. 27) leks, p=4,751 


LY, n==—[2gt py , 


Ox'Ox® 


af, OV ggg x) 0 
y Ox? al 


ae = 
V&§ 


0 0 
qd) =p y —— + (yt peer 
L a/at—P NV Ox¥ 7) iV axt 


k=|gu), x ==. 


(3] 


D’ Alembertian operator 


ah peLOns ast (29) 


where 


0 
VE mah V gg axe 


OV go”) 
0 Ox 


=|gaue|, x*=ct or t. 


Especially, when x%=ct, gyw=g*™¥*=-1 
and gwxr=g**=0, the above expression is 
reduced to the following: 

neo 
e0F 


(-TE}( 
c OF 


+ELMo+... (30) 
where 
LO QSL a+ LO o-a) 
LO ,=[L, of Eq.(27)]a=1,p=k,y=1 
Lo A =20% ww pee ae 
OG)? 
2( CL)L EU AGN: )) o? + gO eens 
ANA hie ak cas eR Leer 
f i Ae 4} Dafa x) \ 40”. 0 
aac ox 2 Oxt 
g=|giul. 
{4] The operator 0/0x” 
an o-o0s, € DOg— €2D®a— (31) 


Ox” Ox 
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Dig D»— po 2 =D on 
aad Pag . Y 
DO) 7 D® po 2 — DO, D” 

0 0 

Spay, oe ¢ ——— 

PR sti MO OM a 


[5] The operator L,=0/0n, differentiating 


to a direction normal to the given 


boundary C 
[RES S LYnz- S 2), — (32) 
where 
ee oS, a Oj On wR Ney grail 
one SisSha xe V g°7h,A, ax? 
L®,=L,D" —D®L, 
Le n=, D@ — DO Lyn — LO yn DBO 


A, being the cofactor of c” in the following 
determinant of the order JN, consisting of the 
derivatives X*%,i(=0X°%/04°) and of the mere 
letters c® introduced only to specify their 
own cofactors, respectively: 


GE (eb Robo cobnde But oce onan cy | 
Dey Xn ve eeeesos Xe 2 ene nes DOL 
eA AEX eaeee WX ergot saes Ke 
X} w-1 XX? W-1 AgaOS XG yNait WE en 
or 
N= (—1)2- 18417 Haha pa ty 
DGD, Gt Peed, Gastar ar, ace ee wade, Gk 


ta—1,t@41°° 


Wake (San 9% ‘ty being +1 or —1 ac- 
cording as the permutation 
ep Lae a 
ae eee pe eee rs 
is even or odd and being zero otherwise. 
Eq.(32) is rewritten by means of Eqs.(4) 
and (12) as follows: 


Ln= Ln—€ NY— (33) 
where 
Lo, ,= ates wip Q 
si V P7SO << G o Ox? 
Ore. gAUy SON 
= V gP7 A AO, Ox? 
Nw= ZVBSO 0 


V 7S ; 90) KE ax8 
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dO S aoe) ©, 
> 2 (g°7 SO pS a) . 
or gabAo, fh) 


Y gPTAM AC, 02h 
1 (gC 4BACO) AC 8) 
2 (grr ,AO,) 
A) ==(A)x_ xo 


WO), 


6. The Dirichlet condition (or the question, 
what value the virtual function ¥ should 
take on the boundary Co of the domain 
Do, when a scalar function V(x) takes the 
given value f(x) or F(a) on the boundary C 
of the domain D). 

If the given function f(”) is assumed to be 
defined in some neighborhood of Co, the 
answer is obtained by making use of Eqs.(14) 
and (15), as follows: 


U(x) =V(x)=f(x) =f(X) 
=14+6€DBO+ €2D@+ .. )f(%) on Co 


)o,=[1+ €D+ e7D@+ .. df Je, (34) 


Or, if the boundaries, C and Co, are 
represented in terms of their respective 
parameters (related to each other through 
Eq.(6)), like Eqs.(2) and (3), what value should 


the virtual function ¥ take on Co, when the 


boundary-value of the scalar function ¥ on 
C is IAG 3) e 


Making use of Eqs.(14), (21) and (22), the 
answer is obtained as follows: 
U (XA) =V(#) =¥ (x) =¥ (Xa) = FA) =F) 
=(1+ € D®,)+ € D@y)+---)FA) 


P)ep=(1+ € Dat €2D@ ay +-+)F (35) 


Eqs.(34) and (35) are the virtual expressions, 
respectively, of the inhomogeneous Dirichlet 
condition 

(Y)c=F x))o or Y)o=F(A) 


given on the boundary C. Also, by combin- 
ing the above results, Eqs. (34) and (35), when 


the following identity holds on the boundary 
(Ge 


(f(x))o=F (A) , 
then 
[(a=- DO € 2D las 
=(14+ € Dat E27 D®ayt ...)F 
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where the function f(x) is required only to be 
equal to F(A) on the boundary C, and free 
elsewhere, as far as_ it 
‘smoothly’? from the value on the boundary. 


Eq.(35) tells that, when F is a constant, the || 


virtual 
constant value on the boundary Co, too. 


7. The Neumann condition. 
The given function f(x) is assumed to be 


defined smoothly in the neighborhood of Co | 


(therefore, also of C). 
For the Neumann condition 


Inf =f(x) on C, 
making use of Eqs.(24) and (33), 
(it, € NO =e 
=(1+6e D+ ...)L,7=U+€ D+... iF 


or, carrying the perturbed part on the first 
side to the last side and assuming the ex- 
pression 

VaVO+ evo eyes... (36) 
the ‘‘virtual’’ Neumann condition is 
(LP) =[f+ €(NOVOLDOS)+ . . . Joy (37) 


Or, when the boundaries, C and Co, are 
represented in terms of the parameters, like 
Eqs.(2) and (3), and the Neumann condition 
is given as follows: 


(Ln¥)co=F(a) , 


then» by cmakingernse vof bRgst@aete2 ana am 


and (33), 

[L,— ENO... )¥@Iz-20x 
=[Ln¥ (®)\e-x0Q)=[LnP (X) =x 0) 
=[La¥ (®)e-z0 =FQ)=FQ) 
=(1+ €DOayt .. FA) 


therefore, from the first and the last sides, 


and also assuming the expression (36), the | 
corresponding virtual Neumann condition is | 


obtained as follows: 


(LOW )oy=F+ € (NOVO) ¢,+D® wF}+ ... 


8. The mixed boundary-condition. 


The corresponding virtual expression is — 


derived by combining the results already 
obtained. In the following, the given func- 
tions p(x), g(x) and f(x) are assumed to be 


is continuated | 


function & should take the same ]j 


(38) | 
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defined smoothly in the neighborhood of the 
boundary C therefore of Co, and their values on 
the boundary C are assumed to be expressed 
in terms of the parameters as follows: 


[pX)le-x~y=PA), [¢(x)]e-x y=Q(), 
fx)enxay=F(d). 
Now, a mixed bondary-condition 
[Da) Ln? +9(x)¥ lo=[f(x)]o 
or 
P(A) En¥ e+ QA) Yo =F) 


is expressed ‘‘virtually’’ as follows: 


[PLOY +q¥ ]lo,=[f+ CfO+ .. Jo, 


or 
PL nP opt QU )o,=F+EFO+... (39) 
where 
(Ff )¢,=[DoF 
+{PNY —(D© p)-LOn— (DG FO]o, 
or 


=[p{NOVO+ DOL, YO + g@Doyo Ic, 
with L©,¥% in the last side being, of course, 
considered to be given in the neighborhood 
of the bondary Cy before being acted on by 
the operator D™, and 
FO=DO.)F 

+[{PN® —(DO P)LO n— (DP ayQ)}¥ Oleg 

or 

=P[(N@OY)g,+D” 

+ QD (Uo, 

[Example] The virtual expression of a mixed 
boundary-condition pe 4+q¥ =—F(0,¢), with 


Po and q being constants, on the boundary r= 
al+¢€¢), with ¢ being a function of 0 and 
y, which is close to the spherical surface 
r=a in shape. 
The equations of the two boundaries are 

rewritten as follows: 

S=r—a—€ago=0 

S=r—a=0 
and the following transformation is adopted 
as an appropriate one: 


r=r[1+ €9(0,9)], 0=0, 9=¢. 
Then, according to Eq. (39), the mixed 
boundary-condition 


a( Len Jeo] 


The Boundary-Perturbation Method 


2075 


(5 ee tae | =F(6.y) 


r= 1U(1+ep) 
is transformed to the following virtual one: 


(10% +qF) =F+ € po(NYY) pa + Sees 


where 


Nov==( 9 0 56 0 


ae poe 


d,e 0 ) 
rsin?@ Oe 


9. The procedure for solving the problem. 


The given problem i.e. Eq.(1) with some 
boundary-condition on the given boundary 


C is transformed to the corresponding 
‘‘virtual’’ problem i.e. the ‘‘virtual’’ equation 
LY =—h (40) 
or, assuming the expression (36), 
L¥ =—h— €(L°V+ Dp) 
— €*( LV O+LOO+4 DOp)—.., (41) 


with the ‘“‘virtual’’ boundary-condition to be 
obtained according to Eqs. (34), (35), (37), (38) 
or (39) on the boundary Cp. 

This virtual problem is solved, by subject- 
ing Eq.(40) to the ordinary perturbation 
method, as is shown in the next section, or 
by treating Eq.(41) by means of Green’s 
formula or otherwise, respectively, according 
as it iS an eigenvalue problem or a boundary- 
value one (elliptic, parabolic or hyperbolic). The 
solution thus obtained, being ‘‘virtual’’, must 
be transformed to the corresponding “real’’ 
solution, so to speak, by means of Eq. (7), 
which is the solution sought for of the given 
problem. For the virtual solution of the 
form (36), the corresponding ‘“‘real’’ solution 
YW is written, according to Eq. (16), as follows: 
V=VO+ eS (GU— Dayo) 

we 10 2) — DOF —(D2®— DY Do) yo) + bed 
(42) 

Unlike the functions, the eigenvalues are 

not varied by the last transformation (7). 


§3. Eigenvalue problems 
The equation 
T= — (43), 
which is obtained from Eq.(1) by replacing 
h(x) by «¥, and coupled with an appopriately 
specified boundary-condition on the given 
boundary C, presents an eigenvalue problem. 


yi 
\y 
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Since the main object here is to show the Fn=E Ont EGOn+ Se VOnt ... 


procedure to meet such a case, the problem eee OnE SRO CR. 

is assumed to be of a non-degenerate type. 
By means of Eq.(5), the given equation (43) a if - 

with its boundary C is transformed to the LY n2=—KOn¥n, (FO, FO n)=1 

corresponding virtual eugation 7o,=> Poe, 
LV =(L+EL + e*LO+ ...)U=—K¥ (44) men) KOm— KO n 

7 
with the boundary Co, to which the well- oak LO nn , 


: C1) Ew 
developed ordinary perturbation method is £4 =— (LO mt E p a ae ) » etc. 
applied, yielding the following eigen-functions wie) pha aie 


¥Y, and eigenvalues xn, 2 denoting the order: LOmn=UOmLOUOn), 1=1,2,... 


(45) 


where 


Yn etc. 


The ‘‘virtual’’ eigenfunctions (45) must be transformed, according to Eq.(42), to the ‘‘real’’ 
ones 


Un =EOn+ € COn— DOV O n) + € [FO n— DOGO, — (DO — DODYYO,)+ ... 


while the ‘‘virtual’’ eigenvalues (45) are the ‘‘real’’ ones, as they are, since they are not 

varied by the last transformation. 

[Example 1] The eigenfrequencies wns of the lateral vibration of a uniform membrane, under 

a constant tension T and fixed at its boundary r=a {1+ € ¢(0)], close to a circle r=a in shape. 
As is easily seen by comparing the equations of the boundaries, given and favorable, an | 

appropriate mapping or transformation is 


r=r[l+e 6(0)] and 0=0 


(t=t having no connection here). 
The differential equation governing the lateral displacement ¥ (7,0) is 


(A+h)¥ =0 


where k=w/c, c=//T/o, with w and o being the angular frequency and the surface density, | 
respectively. 


The above equation, together with its boundary-condition ¥ =0 at r=a(1+ € 9), is transformed | 
to the following: 


A+R+eEL%,+.. )v =0, Y=0 at (Os 
where 


LO =—| 2g + (2s, ‘ < + #00) = ral 


r Or 


The unperturbed eigenfunctions YOns, such as 


(A+ RO 2ns) VO ns=0, YOns=0 avn—a 


are written as follows: 


FO ns= Ans COS (n8 — ans) -Jn( RO nsr), n=0, Sek 


where Ans and ans are constants concerning normalization and phase, respectively, and RO ns | 
are such as Jn(k©nsa)=0. | 
The boundary-deviation ¢(@) is assumed to be expanded in a Fourier series as follows: 
$9) = Bm COS (m@— Bm) 


where By and 8m are appropriate amplitude- and phase-constants, respectively. 
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Then, according to Eq. (45), the eigenfrequencies wns, perturbed by the boundary-deviation 
(8), are obtained, to the first order of approximation, as follows: 


S 
one = 0 nf 1—-— 


Bm : 20m,0 COS Bm+Om,2n COs (2ans— Bm) +6m+2n ,0 COS (2ans+ Bm) 
m=0 1+0n,0 COS (2ans) 


where 0’s are usual Kronecker’s deltae, therefore €.g. Om+2n,0 being equal to 1 only when 
m+2n=0 or m=n=0 now, and zero otherwise. 

This result coincides with Rayleigh’s one“, where his dr is the equivalent of €a¢ in the 
present paper. 

A glance at the above result obtained for the general from of 4(@) gives immediately the 

following information about the contributions from the individual terms Bm cos (mb— Brn): 
(a) The term with m=0 expresses the uniform enlargement (or reduction) of a circular 
membrane with the tension being kept constant. Bo cos &o, being a constant, can be put 1, 
without losing the generality. Then, the term means that the eigenfrequencies wns are 
decreased (or increased) to wns(l1—€), as the radius a is increased (or decreased) to a(1+ €). 
(b) For m=1, only the terms with m=even can perturb only the eigenfrequencies wns with 
n=m/2, whereas the terms with m=odd not any one, to the first order of approximation. 

To the former, an elliptic boundary (m=2), etc. belong, whereas an oval boundary (m=1), 
a cinquefoil-shaped (or ‘‘umebachi-gata’’ in Japanese) boundary (m=5), etc. belong to the 
latter. 

[Example 2] The eigenvalue problem concerning the heat conduction of a ‘‘corned-beef-can’’- 
shaped uniform matter, close to a rectangular parallelepiped in shape and with its temperature 
being kept constant or zero on the boundary surface. 

The equation (A+«)¥=0, which is derived from the original equation of heat conduction 
(k?A—0/0t)T=0 (k?: thermal diffusibility) by putting the temperature T=¥ (xyz) exp (—R’«t), 
together with the boundary-condition #“=const. =0 on the given boundary surface, presents 
an eigenvalue problem. 

The corned-beef-can-shaped domain and its surrounding boundary OADBCFHE, with the 
corner O at the origin of the orthogonal Cartesian coordinate-system, with the edges OA and 
OB on the x— and the y-axes, respectively, with a pair of faces OBEC and ADHF making 
a small inclination €: (0¢¢€1¢1) against the yz-plane, and with another pair of faces OAFC 
and BDHE making a small inclination €2 (0¢€2<1) against the xz-plane, are;mapped or 
transformed to the rectangular-parallelepiped-shaped domain and the surrounding boundary 
OADBCFiHvE» respectively, by the following transformation: 


7 \ 
=o ZI 1— =) 
a 
- 2y 
y=j+ eae 1-2) 
Ro Oy Cun ~ S247, 
where + ae 
a=OA=BD=Ciko=Ev Ho 
b=OB=AD=Cokv=Fo Ho 
The last equation shows that the height c of the corned-beef-can-shaped matter is related 


to the height c of the rectangular parallelepiped in the way c=co(l+€s), and so the 
former’s volume V=abe[1— € i(c/a)— € 2(c/b)] is equal to the latter’s volume Vo=abco, when 


€3= €1(c/a)+ € 2(c/b). Ri : 
The virtual equation with its own boundary-condition is 


(MicteLMnt+... v=0, ¥=0 on OADBOFo HE 


where 
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ee Ley ea af a 
caper eae. eek =) ada ~ 4 1— Faye 
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The unperturbed eigenvalues £imn and the normalized eigenfunctions YO mn Such as 
(A+ mn) L 1mm =0 and &:mn=0 on OADBC.FolE:, are given as follows: 


crm =(Z)+(™) +(%) , 1</,m,n 

a b Co 
S ae: . (Irx . ( mn . ( nrz 
PO mn = sin ee ) -sin( ee -sin oe ) 


Then, according to Eq.(45), the eigenvalues tum» are obtained to the first order of approxima- 


tion as follows: 
Cofalan= coomN* n\? 
sim =E% mnt 2a, S(2) bese F) e( 2) | 


or, in terms of c instead of ¢o, 
AL UNG mN? (ese | <(--) ate 
=n (—)+(—}) +(—) +2 —(—)+¢e2.—(— 
aren “| (=) (3) ) Sem, a *b\ bd | 


When €3=€1(c/a)+ €2(c/b), timn and £m, are interpreted to concern the corned-beef-can 
shape and the rectangular parallelepiped shape, respectively, of the same matter of the 
equal volume. For an arbitrary order /mn of the eigenvalues, 


Cinna Om equal votume2r| € 1 ; 1( - y-( = y t+ Sa : (5 i : y+] 


whose sign varies according to the values of /,m and n. 

However, it is determined by the respective smallest eigenvalues #111 and «111, which 
shape is more efficient for the matter cooling off, the corned-beef-can shape or the rectangular 
parallelepiped shape, under the condition of the equal volume and of the same quality. As 
regards ordinary corned-beef cans, 


a<e and 6b<c, therefore (€111-£€11:)equal volume > 0 


which means that they cool off more rapidly than when they take the shape of a rectangular 
parallelepiped of the equal volume. 


§4. Boundary-Value Problems 


The fundamental line along which a given boundary-valve problem should be solved is 
already given in the last subsection of § 2, and so the detailed explanation is omitted here. 
Instead, some examples are given to illustrate the present method. 


{Example 1.] (Parabolic Case) The heat conduction in an “infinitely large’ flat-plate-shaped 
uniform matter, with its temperature ¥ (x, t) being initially equal to the specified value f(x) as 
a function of x within it and being kept always at a constant value 0. on its two flat surfaces 
x=0 and x=a(1+€¢), of which the latter is assumed to move slightly to the direction normal 
to the surface itself, such as 6=$(t), with $(0)=0, without breaking the constancy of the thermal 
diffusibility x* and without introducing any appearance or disappearance of heat except through 
the conduction. 


By making use of the transformation x=x{1+ 6 o(f)} and ¢=¢, the solution ¥ (x, t) which 
satisfies the equation («?6?/0x?—0/0t)¥ =0 as well as the boundary-condition 


(YF )e-0= f(x) for 0<x<a and (Y)2=0=(Y)z-ac1+<)=90 for t>0, 
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to the first order of approximation, is obtained as follows: 


co t = 
¥=Oo+ > Arsin (aix)[1+2¢e xait| wear exp (—K?a?t)— € 3) Aiaix cos (arx)- o(t) exp (—K?a;*t) 
a T= 


sy in(—1)" * dd(r) 
26 2 An (2—n2) +42°0;n sin (aux) de °X? {2(aty?—ar,®)r}dt-exp (—Ka;*t) 


where 


A= "¢ Fila baci tayo att : 


a 


{Example 2] (Hyperbolic Case) The lateral vibration of a uniform string, strained between 
the two ends at x=0 and at x=a{1+ €¢(H}, with $(0)=0, respectively, with the tension being 
kept constant, as ts realized by the use of a smooth pulley, which is made to move longitudinally 
according to x=a(1+€¢), also playing the role of a fixed end for the lateral vibration, and 
through which the string is extended to be attached with a constant load. 


By making use of the transformation x=x{1+ €4()} and t=t, the lateral displacement 
¥ (x. t) which satisfies the equation (07/0x?—60?/0t?)¥ =0 (putting the velocity c=1 for the sake 
of simplicity) as well as the boundary-condition 


Corno=f(x)s (OF /Ot):->=0(x) ere (O—KR5<Kdi, 
(P)2n9=(F )enait+ep) =0 ioe 20). 


to the first order of approximation, is obtained as follows: 
v=> {sin (arx)— € d(Haix cos (aix)}{ Ai cos (art)+ 2 sin (aut)} 
l=1 U 


+2€ > sin (aux) | sin {a:(t—t) }{a1A1 cos (ait) + Bi sin (art) }¢(r)dr 
l=1 0 


co 00 (—1)*"an, : dob t ~ pa 
26x (a)? — an) +4007 01 ens (ain) An is ee) ( dt shieaale om a “xed | 


where 


Bn @d 


: : do 
Xn (t)={An cos (ant) +7 Sin (@nt)} d= —2{anAn sin (ant)— Bn cos (ant) 


Anat { adn eae. Bae \"o sin (aaE)dE 


NT 
R= * 


{Example 3] (Elliptic Case) The electrostatic potential V(r,0,¢) around a conductor at rest, 
whose shape r=a{1+ € 4(6,~)} ts close to a sphere r=a and whose own potential is held at a 


~ constant value Vo. 


By making use of the transformation r=r{1+ € 60,9), 6=0, v=¢, and by assuming the 
expression of ¢ in terms of the spherical harmonics 


co L 
6(9,¢)=>, > BimP; (cos 8)-cos (me— Bm) 
l1=0m=0 
the solution ¥(r,0,v) which satisfies the equation A¥Y=0 as well as the boundary-condition 


(2) p-ai1+)= Vo to the first order of approximation, is obtained as follows: 


1=0m=0 


_ VoS| 1+ es z Bua( 2) Pom (cos @) cos (me Bn) | 
Te Y 


Especially, when the conductor takes the shape of an ellipsoid (close to a sphere), it is 
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easily verified that the above result coincides with what is derived from the well-known 


formula 


7) =2) 

O98 Na V E+E FNCTY) 
with Q being the electric charge on the ellipsoid-shaped conductor and with the lower limit 
of integration « depending upon the observer’s point (x,¥,z) through the equation 


2 2 


bce vy? Ze 
~ -L — 
manu Oru) Cae 


, 


as is expected. 
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Transonic Flow past a Wavy Wall 


By Iwao HosoKAWA 
National Aeronautical Laboratory of Japan, Shinkawa, Mitaka, Tokyo 
(Received July 28, 1960) 


Transonic flow past an infinitely long sinusoidal wall has not hitherto 
been thoroughly investigated, although some studies of the high subsonic 
flow near the critical have been made by Kaplan and others by use of 
the thin-wing-expansion method and the transonic approximation method. 
In this paper the author studied transonic flows past a sinusoidal wall 
including shock waves by use of his new method, and could find the 
velocity and pressure distributions on the wall with success. The result 
gives a reasonable model for understanding the transition of the flow 
pattern from subsonic to supersonic. 


§1. Introduction 


past a kind of wavy wall which is correct up 


In order to investigate the problem of the 
existence or non-existence of continuous mixed 
flows, it seems to be very convenient to study 
the transonic flow pasta wavy wall. In 1940, 
Gortler? found a continuous solution of a high 
subsonic flow with local supersonic regions 


to the third approximation and he conjectured 
it to be convergent. For the case of an ex- 
actly sinusoidal wall, the solution of Imai and 
Oyama” by the thin-wing-expansion method 
seems to be divergent above the critical Mach 
number. On the other hand, Kaplan® showed. 


1960) 


| on the basis of the transonic approximation 
that a continuous, symmetrical wave solution 
would diverge above the critical Mach num- 
| ber. According to him, the critical value of 
the transonic similarity parameter defined 
after von Karman is Ecrit, x =—(0.83244/z)-2/3, 
| Thus the solution of the supercritical flow 
may be asymmetric and would cease to be 
} continuous. 

The present work is concerned with this 
problem. The author makes use of his new 
| method, which will be summarized in the 
} next section. This method can give the re- 
| asonable features: shock waves appear when- 
| ever mixed flows occur, and the solution tends 
to the same form as that given by the usual 
linear theory in the sub- and supersonic ex- 
tremities. The solution, however, has a weak 
} point in the present problem: shock waves 
_in the real flow are always accompanied by 
_ entropy increase, which would destroy peri- 
odicity of the flow, while the present hypo- 
thetical flow is assumed to be isentropic and 
periodic. But the present investigation seems 
to be still significant, because the increase of 
entropy is comparatively small and the peri- 
odicity remains locally. 


§2. Summary of the Method 


The basic equation of the two-dimensional 
transonic flow can be written as:” 


A—Mn?) Dex +Oyy=(7 + D)Mx?D:Drx 


“where U.@ is the perturbation velocity po- 
tential, U. and M. are the free stream 
velocity and Mach number respectively, 7 is 
the ratio of specific heats, and the x-axis is 
taken in the direction of the free stream. 

According to Oswatitsch and Maeder, the 

_ approximate potential ¢ satisfies the linearized 

equation : 


(2-1) 


(1—M..2) ¢22t+ Gry=KGz (22) 
where K is an appropriately chosen constant. 
The solution of (2.2) can be found in a simple 
_ way with the given boundary conditions, apart 
from the selection of the value of K. 

Here we put 
O=¢+g (2.3) 
and establish the equation governing the non- 
linear correction term g. Then, with the aid 
of the order estimation of the equation, gz 
can be calculated approximately in the neigh- 
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bourhood of the boundary and it can be found 
that g, and gy, are of the same order of 
magnitude. (From this point of view, the 
linearized theory due to Maeder cannot be of 
the first order approximation in itself, because 
of the tacit assumption, yg.) 

Finally ge can be integrated as follows: 

§2=—G2t(1—M.”)/{(7 +1) M7} 


eh awa) (2.4) 
where 
(eae ae 
Yal= (oyna 


-2", Pe oe le Ger (25) 

and the double sign corresponds to 
g22(1—-M.”)/{(7 + M7} (2.6) 
On the proper physical and mathematical 


grounds, c* and K are uniquely determined 
in the following manner: 


Yat=c*, y=0; K) 


=(1—M..”)/{7 +1)M..? OT 
Pre Se Ce ee) 
=K/{(7 +1)M..?} (2.8) 


The former is the condition that «=c* is the 
sonic point on the boundary, and the latter 
means that K should be taken as the value 
of the acceleration at the sonic point. In 
treating usual transonic flows, (2.7) and (2.8) 
constitute the simultaneous equations for 
finding c* and K. Next, for purely subsonic 
or supersonic flows, the value of c* should be 
kept fixed at its lower or upper critical value 
just when the sonic point disappears out of 
the flow, on account of the continuous transi- 
tion of the flow field with changing Mach 
number. And then K should be determined 
by (2.8) alone. 


§3. Linearized Transonic Flow Potential 


At first we require the solution of (2.2) sub- 
ject to the boundary conditions: 
i) gu=f (x) =tofoe'* , 
ii) grad g—0 ; 
where the wavy boundary is expressed as 

Kae foe’ ek fa, Ox 
Here and hereafter we shall consider only the 


real parts of the complex expressions. 
Now this solution is 


y= —(iwfo/) exp (— uy + 10x) 


fOGV—OM rey 
for yoo (3.2) 


real constants) (3.3) 


(3.4) 
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where 
p=(Bto-+ Ko)“ exp ( 3 tan-} a ) (3.5) 
2=1—-M..? (3.6) 
so that 
g=—(wfo/|u|) exp [—Re(z)y 
+i{ox—Im(“)y—arg(2) +7/2}] (3.7) 
By differentiation we have 
o2=(of>/||) exp [—Re(“)y 
+i{ox—Im(v)y—arg(4)}] (3.8) 
Pre = (iw*fo/ ||) exp [—Re(u)y 
+i{ox—Im(y)y—arg(4)}] (3:9) 


In (3.8), we can see a rough feature of the 
transonic flow. First, in a supercritical flow 
in which K=<0, the perturbed velocity and so 
the pressure have a phase lag, arg (y), rela- 
tive to the wall, which approaches z/2 as 
B?——oco so that the solution would agree 
with that given by the supersonic linear 
theory. It is interesting to note that arg (#) 
becomes z/4 when M..2—-1+0. Secondly, as 
is seen from (3.7)-(3.9), the perturbed wave 
is propagated along the straight line: 


y={o/Im()}«-+const. (3.10) 


which tends to the Mach line as B?—oo, as 
should be expected. 


§4. Procedure of Refinement 


1) Gonstants c* and K 
In the present case, (2.7) and (2.8) become 


G=M)/G+-1) M72} 

=ofo/|“| exp [i{ac*—arg()}] 
FG pete MEAs), 

=10*fo/|4| exp [7{wc*—arg(z)}] 


(4.1) 


(4.2) 


g 


& 


a 7107/3 2fo)2/3 
PCS ROVE 


= {7(2fo)/B} gt (20x) 
={z(2fo)/|B|} et (2ta—1/2) 


2) Sonic Point and Shock Wave Position 


When (&..|<7z?/, we can find another root c** in place of c* from (4.3) and (4.7) as follows: | 
—Eo=m/?cosd gre —( 1/2) tanat (4V (x3/E..2)— 1)} 


x=c** is a point located in the decelerated flow region and it is known from (2.4)-(2.6) that; 
there appears some velocity discontinuity at c**. As was known from the previous paper”, ,| 
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= (w*/°/|8|)2folEel* exp [¢{2nx— (1/2) tan: V GE!) —D)] 


exp | if2nx— eae er EE 
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with the aid of (3.8) and (3.9). If we intro- | 
duce the transonic similarity parameter after H 
Spreiter, £0. = (Mx?—1)/[(r +1) Ma? (2fo)P", | 
where the wave length is assumed as unity, | 
and another parameter after Maeder, a= | 
K/28?, the equation can be simplified as 


7 
By CRS has =e = = 
EE ees (1+ a2 /77)/4 


xexp) i(2ec%— 5 tant 224 (4.3)) 

(1+ a@?/7?)3/4 
1 a 

| 2c etl oe 4) 

xexp) i(2xc 9 tan ze )| (4.4) I 


where the double sign corresponds to M..S1. 
Taking the real parts of the above equa-. 
tions, and eliminating |&.|, we can obtain 


+2a|F./°7=74 


2nc*=— (1/2) tan (a@/z) (4.5)) 

and hence the solutions for c* and a: 
cos 4zc* = — £../7/8 (4.6) 
a=+nV (n/E.2)—1 (4.7)) 


where |&..|<z?/* is assumed. 

Next we know from (4.6) that =7?/* should || 
be the lower and upper critical values of &., 
respectively and then c*’s are N and (—1/4))\— 
+N where N is an integer. Thus in order‘ 
to know q@ in the case of |&.|=7?/?, we have:} 
only to fix c* at these values and solve for | 
a by (4.4) in accordance with the prescrip- | 
tion given in §2. As a result, it is assured|| 
that a@=0 holds irrespective of the values of} 
Eo. when. |E.5| 2727/8. | 

Consequently we obtain the following ex-. 
plicit expressions of the linearized flow velo- | 
city. 


74/8 


i] 


for |&.|<n?/8 
fore... =x" 
for f.2774 


| 
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(1) (2) 


(5) 
Fig. 1. Pictures of various transonic flows. 


(a) subsonic flow. 

(b) subsonic supercritical flow. 

(c) sonic flow. 

(d) supersonic but below upper critical flow. 

(e) supersonic flow. 
Shaded portions indicate supersonic regions, which are enclosed by sonic lines and shock lines 
drawn with solid and saw-toothed lines respectively. 


it is considered as the position of the shock 
wave on the wall. 

The manners in which the sonic point and 
the shock point on the wall change with &. 
are shown in Fig. 2. Both of them first ap- 
pear at the summits of the wavy wall at the 
instant when M., reaches the lower critical 
value; then the sonic points move upstream 
and the shock points downstream with in- 
creasing Mach number, until each sonic point 
joins, at the upper critical Mach number, the 
receding shock point which has originated at 
the preceding summit of the wavy wall: thus 
all the sonic points coincide with the shock 
points and hence the subsonic regions dis- 
appear. This result may be interpreted as 
shown roughly in Fig. 1. 

3) Results of the Procedure of Refinement 

If we write 

G2=(2fo)/|B| - F(x; Ex) (4.13) 
the following expressions for @. are obtained 
with the aid of (2.4) and (2.5); 


Fr ig. 2. Movement of sonic point and shock wave 
position on the wall with varying é. and pres- 
sure jump at the shock. 


G=M2y I= M2fo) yy KOfo) _ \F dx (4.14 
or Gann mat 2 aetieiie S1pMt ~ 7+1)Me2 18) + PeiMcla 
= Aho | (algal sey 2y/ Eo )Eol** Fe) +2llEo1* |” Fade (4.15) 


for @|ES| e777 


2084 Iwao HOSOKAWA (Vol. 15, 


and | 
SAMs 2 / ISM aes Cit a 4.16) | 
0.= Gems EV Grits tae FOP Genes ier) (are 

= AP (ei lEol LV EP POY) Bal FR) (4.17)) 


Oe RSs 


where the double signs with and without the parenthesis ( ): correspond respectively to] 
Mo1 and 


F(x) (#)i|Ecol9/? 20 (4,18) 
Here if the reduced pressure coefficient, 
a _ {7+1) Moe? Bl ; 
C= (2fo)2/8 1 Se) (2fo) | Eo] 1/2 Cp (4.19 i 
is introduced, we can obtain, using the approximate relation Cy=—29;z, 
C= —2{ (ehlol-£V 2 if Ea" )lEal FG) +2lallEa| Fax} (4.20) 
for |Ej<72?/8 
and 
Cy=—2{(4)1|ExltV [E00 /?-+F (c*)?|En| i 2] Ew |? Fx)} (4.21) 
Cp=-20 
-— — U+g, 
Cp 
@ 
(e) 
(c) 
(f) 
-5 | 
eaees 0 25 05 ay* 0,28 
e a 
(ay (d) 
i 6 
(f7 5 f) 
3 
pp RELIC rl Fig. 4. Velocity distributions on the wall “ind 


terms of @+é0. 
Fig. 3. Pressure distributions on the wall in 


= (a) foo = —2.8 
terms of Cy. (b) =-2.4 
(a) fo= —2.8 (c) ae 
(b) exes (a) 120 
(c) gt (e) =-1.0 
(d) =O (£) aah 
(e) ald (g) = T0 
© = gt (h) = 2.0 
(g) a 2.0 (i) = 2/3 
i ape set (i) = 24 
(i) = 28 (k) = 2.8 
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yout} ae ef (22x) (24 
=a} Gel" (econ weet | +0( £. jay, (4.22) 


for |£c0|2>722/8 


)) All these results are consistent with the transonic similarity law. 
(4.22) may be rewritten in the usual form of the pressure coefficient as follows: 


Cyn 3-209, Jette Ea 
B ef (2x2—1/2) (Eo > 0) 


| This agrees with the result given by the usual linear theory. 
Next, in order to see directly the velocity distribution in a reduced form that is invariant 
‘under the transonic similarity transformation, we introduce the following quantity: 


+O[(2 fo)?] (4.23) 


2 AG tM}? | M.2-1 ) M?-1 
U+ E.= A = ; 0, € e = 
(for? UU GDM J (6+) OM} a 


Then it indicates the local Mach number distribution in such a manner that 


= 


a > 
Ut+Fo=9 when MEA (4.25) 
Thus we can see our resuits for the pressure and local Mach number distributions in terms 
| of the respective reduced quantities in Figs. 3 and 4. Now, the half of the pressure jump 
| at the shock is found from (4.20), that is, 


ACyI2=2Y Dy lEaINF)IEal!2 Flot) +2 allEel*|" Foddx (4.26) 


which is shown in Fig. 2, for a given shock wave position c**. 


-§5. Discussion and Conclusion while it is 0.917 in our case. With respect to the 

A comparison with Kaplan’s result for the peak negative pressure there is no great dif- 
lower critical flow is shown in Fig. 5. For ference. Thus, our approximation method is 
the wall of the waviness ratio 2f.=0.01, the more satisfactory in comparison with Kaplan’s 
‘critical Mach number is about 0.91 in his case, One which requires more lengthy calculation, 


according to Shapiro’s sample calculation®, in order to inquire into the general feature 
of transonic flows. 


<7 | Further, we can find a close analogy be- 
tween the flows through a one-dimensional 
Laval nozzle and past a _ sinusoidal wall. 
Namely, the flow patterns shown in Figs. 3 
and 4 are quite similar to those of the former 
if the sonic point of the latter is considered 
as corresponding to the throat, although in 
our case the sonic point moves upstream 
along the wall with increasing Mach number. 
Therefore it is not strange that the curves of 


C,(x) and a(x)+&. have sharp angles at the 
sonic points when the flow is critical (lower 
or upper). It will be interesting to compare 
this fact with Wood and Clarke’s recent 
work® on the transonic flow in cascades, in 
which they evaluated, with success, the effect 
of the nonlinear term of the fundamental 


Cp,crit} 2fo=0.01 
—— -O0.21 ean 


Fig. 5. Comparison of pressure distributions on 
the wall in the lower critical flow, predicted 
by Kaplan and by the present method. (The 
former is based on the figure given in Ref. 5.) 

Seine Kaplan, M.., crit=0.91 
__ ~Present, Me, crit =0.917 
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equation (2-1) by replacing the term by the 
corresponding quantity of the one-dimensional 
flow. 

Thus, it is found that our new approxima- 
tion method can be applied successfully to 
the transonic flow past a sinusoidal wall and 
hence it may be expected that our method 
would be useful for the consideration of the 
general feature of the transonic flows. 


In conclusion, the author wishes to express 
his sincere gratitude to Professor R. Kawa- 
mura and Mr T. Shigemi for their kind 


Iwao HOSOKAWA 


(Vol. 15, |] 


advice and valuable discussions. 
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The ignition mechanism of hydrocarbon-air mixtures is discussed. 
Thus, the ignition probabilities of various hydrocarbon-air mixtures 
were computed from the fluctuations of their ignition lags in shock 
From these ignition probabilities, the activation energies of the 
primary and secondary reactions were calculated. 

Next, the activation energies for the C-H and C-C bonds in the reac- 
tion with oxygen are estimated, as well as the amount of heat liberated 


waves. 


for secondary reactions. 


The mean ignition lags of other n-paraffin-air mixtures were, in accord 
with the experimental conditions, estimated from the above determined 


values. 


Kinleitung 


Wie in der letzten Arbeit“ iiber die 
Selbstziindung des m-Hexan-Luft-Gemisches 
in StoBwellen berichtet wurde, hat die Induk- 
tionszeit der Entziindung eines brennbaren 
Gemisches immer eine Schwankung, von der 
man aber die Wahrscheinlichkeit der Entziin- 
dung des Gemisches in einer Zeiteinheit 
ausrechnen kann, damit man den Ziind- 
mechanismus genauer betrachten kann. 

Um den Ziindmechanismus der verschie- 
denen Brennstoffe zu vergleichen, werden in 
dieser Arbeit Methan-, Athan-, Athylen- 


Luft-Gemische und Athan-Sauerstoff-Gemischi) 
untersucht. 


Versuchsergebnisse 


Das Experiment wurde genau so wie beim) 
m-Hexan-Luftgemisch durchgefihrt, d.h.| 
unter derselben Bedingung wurden zahlreiche* 
Versuche gemacht, so daB man die Schwan- 
kung der Induktionszeit der Entziindung mes-+) 
sen kann. Von der Schwankung der Entziin-| 
dungsinduktionszeit wurde die Wahrscheinlich-| 
keit der Entziindung in einer Millisekunde? 


j 
) 
| 
| 
i 


Hy oe 
‘i, 1960) Selbstziindung von Kohlenwassersto,f-Luftgemischen in Stosswellen 


Mol: msec! 
2 


—— Methan - Luft 


----Athyle n-Luft 


Ath on-Luft 


---~Athan-Sauerstoff 
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ms 
06 
04 
02 
0 
0,06 
0,04 
0,02 
4 14 x10 1. 
y T 
Bild 2. 
Tabelle I. 
Brennstoff A M, ae iP u(t) T ti 
Ane at Mol-!-msec7! msec msec 
Athan-Luft 1,6 apli 705 3,00 32,3x 10 0,47 0,70 
2 Dil 780 2,92 44,0 x 102 0,15 0,20 
1,0 Daal 755 3,20 91,2 x 102 0,148 0,19 
2,32 850 3,26 106,0 x 103 0,047 0,06 
OFZ Della 765 3,00 59,5 x 102 0,126 0,19 
Dg £60 3,00 112,0 x 103 0,037 0,05 
0,1 2,11 762 2,95 122,0 x 102 0,12 0,16 
2,28 857 2,90 170,0 x 103 0,034 0,045 
Methan-Luft 1,0 2,08 740 2,85 10,3 x 102 0,345 0,56 
2,25 830 2,84 S8s2 104 0,086 0,11 
0,6 2,09 773 3,00 50,0 x 102 0,2100 0,265 
PD 840 2,88 &2,0 x 1038 0,050 0,064 
0,13 2,097 777 2,90 14,7 x 103 0,11 0,148 
2,25 855 2,94 LS E<L0= 0,030 0,041 
Athylen-Luft 1,0 2,10 OD 2,93 Up IO 0,40 0,55 
: 2noo) 850 2,98 55,0 x 103 0,071 0,09 
Athan-Sauerstoff 0,2 2,19 756 3,28 25,7 x 102 0,09 0,199 
2,34 830 3,05 69,0 x 103 0,035 0,055 


4:  Mischungsverhzltnis 

M: Mach-Zahl der einfallenden StoBwelle 

T: Temperatur der reflektierenden StoBwelle 

P: Druck der reflektierenden Stofwelle 

w(t): Wahrscheinlichkeit der Entztindung in einer Millisekunde in einem Mol. 
t:  Zeitlinge, in der keine Entziindung entsteht 

t;: Mittelwert der Induktionszeit der Entztindung 
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Tabelle II. 
Brennstoff Konzentration E,--E,;,—~W Fy E, —-W A B 
% Vol. kcal/Mol  kcal/Mol kcal/Mol 
n-Hexan-Luft PAP G13), 24,0 17,0 7,0 67,5 x 108 Be les 
SoC == 0R6) 24,6 Ia 8,9 Pn avo MO! 8.5 Ome 
0,67(A=0.3) SWeil 16,3 16,4 60,6 x 101! 8,0x 10-8 
05338@=— 0215) 35,3 16,3 19,0 50,7 x 1012 90 X105% 
Athan-Luft 9,0 (A=1.6) 35,6 19,4 16,2 32,7 X 1012 47,0 x10-7 
Bp kale) 33,6 17,9 5), fF 48,8 x 1022 45,0x10-7 
1,13(4=0.2) 40,0 Zone 16,8 59,0 x 1018 27,0 10-7 
O6TC=0-1) 35,8 19,1 16,8 24,0 x 1018 27,0x10-7 
Methan-Luft 9,1 (A=1.0) 49,5 30,6 18,9 38,0 x 10%8 13,0 10-7 
5,5 (A=0.6) 53,0 26,0 27,0 50,0x 1017 47.5 x 10-10 
2A ORS) 46,9 Zoos 21,6 23,0 x 101° LOSO= 
Athylen-Luft 635 CA=120) 48,0 28,8 19,2 16,1 x 1016 Goons 
Athan-Sauerstoff 5,7 (A=0.2) 56,5 40,3 16.2 
und in einem Mol Gemisch ausgerechnet. vergleichen. Wie Bild 3 zeigt, ist die 
Davon wurden weiter die Aktivierungs- Aktivierungsenergie des Methan-Luftgemi- 


energien der Start- und Sekundarreaktion, 
Konstante A und B in den Gleichungen 5 und 
6 in der letzten Arbeit usw. fiir Methan-, 
Athan-, Athylen-Luft-Gemische und Athan- 
Sauerstoff in verschiedener Temperatur mit 
verschiedener Konzentration berechnet. 

Bild 1, 2, Tabelle I und II zeigen die Ergeb- 


nisse. In der Tabelle sind die Verschsergeb- 
nisse des m-Hexan-Luftgemisches auch 
ersichtlich. 


1) Aktivierungsenergie der Startreaktion Ei: 


Nach diesen Ergebnissen kann man erst 
die Aktivierungsenergie der Startreaktion der 
Methan-, Athan-, und m—Hexan-Luftgemische 


bales, 
300 


’ 


E, 


20,0 


10,0 


1 2) 2°45 Gn Ao 
Kettenlange { C-Atomzahl) 
Bild 73. 


sches durchschnittlich 27,3 kcal/Mol und viel 
groBer als die der andern, aber der Unter- 
schied der Aktivierungsenergie des Athan 
Luftgemisches (19.9 kcal/Mol) und des n- 
Hexan-Luftgemisches (16.4 kcal/Mol) ist nicht | 
so groB. Es ergibt sich wahrscheinlich aus 
dem  Unterschied der Molekiilstruktur. | 
Namlich Methan hat nur 4 C-H Bindungen. 
Dagegen hat Athan 1 C-C und 6 C-H Bin-| 
dungen und m—Hexan 5 C-C und 14 C-H Bin- 
dungen. 

Bei der Entziindung des Athan-Luftgemi- | 
sches soll erst die C-C Bindung auseinanderge- | 
hen und mit Sauerstoff eine chemische Reak- ; 
tion machen, weil ihre Bindungskraft kleiner ‘} 
ist als die der C-H Bindung® und sie sogar | 
den groéBten Kraftmoment hat. Mit dem n-| 
Hexan-Luftgemisch soll es auch genau so) 
gehen, namlich die C-C Bindung in der Mitte} 
der C-C Kette mu8 erst auseinandergehenif 
und mit O2 eine Reaktion machen. Deshalb) 
muf3Z die Aktivierungsenergie der Startreak-- 
tion in den beiden Fallen die Energie sein,, 
mit der eine C-C Bindung auseinandergehtt 
und mit Sauerstoff eine chemische Reaktion}} 
macht. Da8 die Aktivierungsenergie desi) 
Athan-Luftgemisches etwas gréBer ist als died 
des u—Hexan-Luftgemisches, ist deswegen, | 
weil die Kette des m-Hexan viel langer istlf 


und sein Kraftmoment gr6B8er sein mu® als# 
Athan. 


Beim Methan-Luftgemisch mu8 erst irgend-! 
eine C-H Bindung auseinandergehen, aber die: 


1960) 


Bindungskraft der C-H Bindung ist viel 
groBer als die der C-C Bindung. Deshalb ist 
die Aktivierungsenergie der Startreaktion des 
Methan-Luftgemisches viel gréBer als die des 
Athan- und »-Hexan-Luftgemisches. 


Hieraus und aus den Versuchsergebnissen 
konnte man schlieBen, da®B die Aktivierungs- 
energie der C-H Bindung fiir die Reaktion 
mit O2 etwa 27,0 kcal/Mol und die der C-C 
fiir die Reaktion mit O. etwa 20 bis 15 kcal/ 
Mol, aber immer verschieden je nach der 
Kettenlange ist, d.h. je langer die Kette ist, 
um so geringer ist die Aktivierungsenergie 
der C-C Bindung fiir die Reaktion mit On, 
wie Bild 3 zeigt. 


2) Reaktionsstufenzahl: 


Wie in der letzten Arbeit beim n—-Hexan- 
Luftgemisch erklart wurde, kann man von 
dem Zusammenhang zwischen der Konzentra- 
tion des Brennstoffes und Konstanten A oder 
B die Reaktionsstufenzahl 2: und m2 ausrech- 
nen. Beim Athan- und Methan-Luftgemisch 
ist es nicht so deutlich und man kann daraus 
die Reaktionsstufenzahl nicht gut schatzen, 
vielleicht deswegen, weil die Reaktions- 
stufenzahl dabei nicht so groB ist und die 
Anderung des A oder B mit der Konzentra- 
tion ziemlich klein ist. Da man aber schon 
beim u~-Hexan-Luftgemisch m: und m2 unge- 
fahr schatzen konnte, kann man davon weiter 
m;, und mw; bei andern Brennstoffen schatzen. 


144+ 
Da namlich A _ proportional (3) aaa ist, 
kann man die Reaktionsstufenzah] des 
verschiedenen Brennstoffes mit derselben 


Konzentration vergleichen, weil der Unter- 
schied der Molekiilsgr6Re hier fast keine Rolle 
spielt, und sie damit erhalten. Daraus kann 
man schlieBen, daB die Reaktionsstufenzahl 
des Athan-Luftgemisches 4 und die des 
Methan Luftgemisches 3 ist, wenn +72 
beim mn-Hexan-Luftgemisch 5 ist, wie schon 
in der letzten Arbeit geschatzt wurde. Von 
B kann man 2, bestimmen. Beim m-Hexan- 
Luftgemisch ist es 4. Daraus wurde m2 beim 
Athan-Luftgemisch 3 und beim Methan- 
Luftgemisch 2 geschatzt. 


3) Reaktionsvorgdange: 


Da die Aktivierungsenergie der Startreak- 
tion und die Reaktionsstufenzahl schon bekannt 
sind, konnte man damit die Reaktionsvorgange 
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einigermaBe vermuten. 


Beim Methan-Luftgemisch sollte erst eine 
C-H Bindung mit Sto& eines Sauerstoffmole- 
kuls auseinander gehen und mit QO, eine 
Reaktion machen, und dann  anschlieBend 
andere 2 C-H Bindungen genau so wie die 
erste aber mit der Warme von jeder vorge- 
henden Reaktion nacheinander auseinanderge- 
hen und in die Reaktion mit O, kommen. 
Beim Athan-Luftgemisch kommt erst die C- 
C Bindung in die Reaktion und anschlieBend 
kommen 3 C-H Bindungen nacheinander in 
die Reaktion mit der Warme von jeder vorge- 
henden Reaktion. 

Beim n-Hexan-Luftgemisch geht vielleicht, 
wie schon gesagt, erst die C-C Bindung in 
der Kettenmitte auseinander und das Molekiil 
wird in zwei getrennt. 


-C-C-C-C-C-C--C-C-C-0 -O0-C-C-C— 


Dann wirkt jeder Teil schon wie ein Molekil, 
d.h. sie haben miteinander keinen besondern 
Zusammenhang mehr. Eins davon trennt 
sich weiter und vielleicht geht nochmals eine 
C-C Bindung auseinander, weil die Bindungs- 
kraft der C-C kleiner ist als die der C-H 
Bindung. AnschlieBend gehen noch 2 C-H 
Bindundgen auseinander und kommen in die 
Reaktion mit O.. Ndamlich an der Primarreak- 
tion nimmt eine C-C Bindung teil und an der 
Sekundarreaktion nehmen 2 C-C und 2 C-H 
Bindungen teil. Inzwischen k6énnen natiirlich 
mehrere komplizierte Kettenreaktion von sich 
gehen, aber solange man von solcher konkre- 
ten Reaktion absieht und nur die Reaktion 
mit Sauerstoffmolektilen betrachtet, konnte es 
mit gréBer Modglichkeit so wie oben erklart 
gehen. 

Um diese Sache nochmals klar zu machen, 
wurde noch ein Experiment mit Athylen- 
Luftgemisch gemacht. Wie es in Bild 1 oder 
Tabelle II gezeigt ist, sind sowohl die Aktivie- 
rungsenergien der Primar- und Sekundarreak- 
tion wie A und B fast gleich denen von 
Methan-Luftgemischen. Das bedeutet namiich, 
daB die Entziindungsreaktion des Athylen- 
Luftgemisches genau so vor sich geht wie 
die des Methan-Luftgemisches. Da die C=C 
Bindung, die Athylen hat, viel gré8ere Bin- 
dungskraft hat als C-H Bindung, gent erst 
eine C-H Bindung auseinander und dann 
schlieBen 2 C-H Bindungen an, genau so wie 
beim Methan-Luftgemisch. 
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4) Die Aktivierungsenergie der Sekundarreak- 
tion E, und die zur Sekundarreaktion 
zugefiihrte Warme W: 

Da die Aktivierungsenergien der C-C und 
C-H Bindung fiir die Reaktion mit O: klar 
geworden sind und die Reaktionsvorgange 
vermutet werden kénnen, kann man daraus 
die Aktivierungsenergie der Sekundarreaktion 
ausschatzen. 

Beim Methan-Luftgemisch kommt erst 1 
C-H Bindung in die Reaktion, die zur Start- 
reaktion gehdrt, und dann schlieBen 2 C-H 
Bindungen in der Sekundarreaktion an. Die 
Aktivierungsenergie einer C-H Bindung fir 
die Reaktion mit O; ist nach dem Experiments- 


resultat 27,0 kcal/Mol. Deshalb soll die 
Aktivierungsenergie der Sekundarreaktion 
E.=2X 27,0=54,0 kcal/Mol. Beim  Athan- 


Luftgemisch kommen 3 C-H Bindungen in 
die Sekundarreaktion. E,=3x27,0=81,0 kcal/ 
Mol. 

Beim n—Hexan-Luftgemisch kommen 2 C-C 
und 2 C-H Bindungen in die Sekundarreak- 
tion. Aber dabei soll die Aktivierungsenergie 
der C-C Bindung zwischen denen der C-C 
Bindung in der Mitte der n-Hexankette und 
der Methankette, d.h. 16,4 und 19,9 kcal/Mol, 
weil die Kettenlange zur Sekundadrreaktion 
langer ist als Athan, aber kiirzer als m—Hexan. 
Je weiter die Sekundarreaktion vor sich geht, 
um so kurzer wird die Kettenlange und um 
so weniger wird das Kraftmoment, d.h. um 
so mehr braucht man die Aktivierungsenergie. 
Hier wurde der Mittelwert 18,0 kcal/Mol 
genommen. 


E,=2 x 18,0+2 x 27,0=90 kcal/Mol. 


Da E:;-W schon vom Experiment bekannt 
ist, kann man leicht die zur Sekundarreaktion 
zugefiihrte Warme W ausrechnen. Beim n- 
Hexan-Luftgemisch ist W von 71.0 bis 83,0 
kcal/Mol, beim Athan-Luftgemisch 64,2 bis 
65,3 kcal/Mol und beim Methan-Luftgemisch 
27,0 bis 35,1 kcal/Mol. Je magerer das 
Gemisch ist, desto geringer ist die Warme. 


5) Die ausgefihrte Totalwdrme bei der Reak- 
tion W-: 

Die Warme W, die zur Sekundarreaktion 
zugefithrt wird, ist nur ein Teil der gesamm- 
ten Warme Wr, die bei der ganzen Reak- 
tion entsteht. Jetzt denken wir nur an eine 
C-C bzw. C-H Bindung. Nehmen wir € als 
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die Aktivierungsenergie fiir die Reaktion, wr 
als die Totalwarme, die gleich der Aktivie- 
rungsenergie fiir die Reversreaktion ist, und 
4h als die Reaktionswarme, die man nach 
der Reaktion merkt und gleich w, - € ist. Fur 
die nachfolgende Reaktion wirkt nicht die 
Reaktionswarme 4h, sondern die Totalwarme 
der vorgehenden Reaktion w:, die der Unter- 
schied zwischen dem angeregten Zustand und 
dem nach der Reaktion ist. Dabei kann jede 
nachfolgende Reaktion nicht die ganze Warme 
bekommen, sondern einen Teil davon, weil 
sich die Warme durch die St6Be mit nichtak- 
tivierten Molekiilen vermindern muf. 

Die Reaktionswarme 4h kann man nach der 
Bindungsenergie® ausrechnen, wenn man die 
Reaktionsvorgange kennt. 

Ah bei der Reaktion einer C-H Bindung 
mit OQ» 33,8 kcal/Mol und Af bei der Reaktion 
einer C-C Bindung 22,3 kcal/Mol 

Die Summe der Aktivierungsenergie und 
der Reaktionswarme soll die ausgefihrte 
Totalwarme sein. 


w: einer-C-H Bindung bei der Reaktion mit O2 
=33,8+27,0+61,0 kcal/Mol 


w, einer C-C Bindung bei der Reaktion mit O2 
= 22,34 18,040 kcal/Mol 


Daraus kann man die ausgefiihrte Totalwarme 
von jedem Gemisch errechnen. 


Beim Methan-Luftgemisch ist Wr 3x61= 
183 kcal/Mol, weil dabei 3 C-H Bindungen in 
Frage kommen. Beim Athan-Luftgemisch ist 
es 1x 40+3x61=223 kcal/Mol und beim n- 
Hexan-Luftgemisch 3x40+2x61=242 kcal/ 
Mol. 

Die Differenz zwischen der Totalwarme Wr 
und der zur Sekundarreaktion zugefihrten. 
Warme W ist die Warme, die in die Umge- 
bung des betreffenden Molekiils iibergeht, oder 
im Molekil bleibt, um es zu warmen. 

Bei der Entziindung mu8 die Warme von 
der Entziindungsreaktion oder der sogenann- 
ten Vorreaktion zur Umgebung des _ betref- 
fenden Molekiils ausgefithrt werden, so daB 
die Reaktion sich zur Verbrennung erweitern 
kann. Wie bis dahin erklart wurde, braucht 
man bis zur Entziindung nicht die vollkom- 
menen Reaktion des _ Brennstoffsmolekiils, 
sondern einige Stufen, z.B. bei Methan 3, bei 
Athan 4 und bei m-Hexan 5. Denn die 
Warme von der unvollkommenen Reaktion 
genugt schon, um einen Teil der Umgebung 


. Entziindung immer so viel 
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des Brennstoffsmolekiils zu erwarmen, so daB 
die Reaktion sich erweitern kann. Diese 
Warme soll die Warme sein, die die Differenz 
von der Warme Wr und W ist. Merkwiirdig 
ist es, daB die von der Entziindgsreaktion in 
die Umgebung ausgefiihrte Warme bei jedem 
Gemisch fast immer gleich etwa 150 kcal/Mol 
ist. Das bedeutet namlich, da8 man fir die 
Warmeaustuhr 
braucht. 

Beim Athan-Sauerstoffgemisch ist die 
Aktivierungsenergie der Startreaktion 40 kcal/ 
Mol (Bild 1 und Tabelle II) und die der 
Sekundarreaktion fast gleich der beim Athan- 
Luftgemisch. Vielleicht kommen in die 
Startreaktion eine C-C und eine C-H Bindung 
gleichzeitig, weil die Aktivierungsenergie 
ungefahr gleich der Summe der von C-C und 
C-H Bindung ist. Deshalb mu8 die Reaktion 
der Entziindung der Athan-Sauerstoffgemi- 
sches gesamt 5 Reaktionsstufen haben, namlich 
1 C-C und 4 C-H Bindung kommen in die 
Reaktion. Das kommt vielleicht daher, daB 
es so viel Warme ausfiihren mu, um die 
Umgebung zu erwarmen, daB die Reaktion 
weiter in der Umgebung vor sich gehen kann, 
weil die spezifische Warme etwas mehr ist 
als die der Luft und zwar auch daher, da 
es sich mit Sauerstoff leicht Reaktion machen 
kann, weil es in der Umgebung des Brenn- 
stoffsmolekils viel Sauerstoff gibt. 


6) Wdrmeerhaltungskoefizient: 


Wieviel Prozent von der Totalwarme zur 
Sekundarreaktion effektiv wirkt, wird von 
dem Verhaltnis der zur sekundaren Reaktion 
zugefiihrten Warme W und gegen die Summe 
der Totalwarme jeder Reaktionsstufe auBer 
der letzten gezeigt. Die Warme, die in der 
letzten Reaktionsstufe entsteht, spielt keine 
Rolle zur Sekundarreaktion. Dieser Warme- 
erhaltungskoeffizient ist verschieden je nach 
der Konzentration, besonders je nach dem 
Brennstoff. Beim m-Hexan-Luftgemisch ist 
es 40 bis 46%, beim Athan-Luftgemisch etwa 
40% und beim Methan-Luftgemisch 23 bis 
30%. Das ist vielleicht deswegen, weil die 
Reaktionsvorgange verschieden sind, namlich 
verschiedene chemische Bindungen in die 
Reaktion kommen. Daraus wurde jeder 
Warmeerhaltungskoeffizient fiir C-C und C-H 
Bindung bei der Reaction mit O, geschatzt. 
Fiir C-C Bindung ist es etwa 57% und fir 


Selbstzindung von Kohlenwasserstoff-Luftgemischen in Stosswellen 
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C-H 27%, bei der Konzentration etwa 1,3%. 


Verallgemeinerung 


In der vorigen Arbeit iiber Selbstziindung 
des n-Hexan-Luftgemisches wurde erklart, 
da man je nach dem Zustand die Induktions- 
zeit der Entziindung theoretisch ausrechnen 
kann, wenn die Wahrscheinlichkeit der Ent- 
zundung in einer Zeiteinheit und die Zeitlange, 
in der keine Entziindung entsteht, bekannt 
sind. Dazu braucht man aber die Aktivie- 
rungsenergien der Start- und Sekundarreaktion 
E, und &:, die zur Sekunddrreaktion zuge- 
fiihrte Warme W, Konstante A und B. 
Wenn man die Reaktionsvorgange der Ent- 
zundung kennt, d.h. welche chemische Bindung 
sich wie oft an der Reaktion beteiligt, kann 
man schon diese Werte schatzen. 

Die Reaktionsvorgange der n-Paraffine, die 


man von ihrem Molekiilstruktur und von 
ihrer in die Umgebung des _betreffenden 
Molekiiles ausgefiihrten Warme_ schatzen 


kann, sind Folgende: 


Brennstoff Startreaktion Sekundarreaktion 
CH, C-H 2 C-H 
C2He C-C 3 C-H 
CzHg und C4Hyo C-C 2C-C, 2 C-H 
CsHie, CoHi:, CHis, | 

C-C 2 C-C, 2 C-H 


CzAis und Cio He J 


Damit kann man jede Reaktionsstufenzahl der 


Start- und Sekundarreaktion m, und n2 
Mol-msec 
10 
Lin 
2. 
Qoy, 
pl Le 
ms 
4 410,0' 
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erhalten, und gleich weiter A und B halbem- 
pirisch von den Resuitaten des oben berichte- 
ten Experiments, i und E, kann man auch 
genau so bekommen. Mit diesen Werten kann 
man schon die Wahrscheinlichkeiten der 
Entziindung in einer Millisekunde in einem 
Mol Gemisch und + ausrechnen, mit denen 
man weiter alle Entziindungsinduktionszeiten 
beliebter »—Paraffin-Luftgemische je nach dem 
Zustand theoretisch errechnen kann. Bild 4 
zeigt die theoretisch berechneten t und 
Wahrscheinlichkeiten der Entziindung in einer 
Millisekunde in einem Mol Gemisch von 
Propan-, Butan-, Pentan-, ~—Heptan, m—-Oktan 
und m-Decan-Luft Im Bild 5 werden die 
durchschnittlichen Induktionszeiten, die nach 
dieser Theorie ausgerechnet werden, und die 
empirisch gemessenen von der Arbeit®) von 
A. Martinengo verglichen, in der das 
Gemisch in einem Stahlzylinder mit einem 
Kolben schnell adiabatisch gedruckt und 
geziindet wurde. Die Temperatur verschiebt 


empirisch (4Martinengo) 


---- theoretisch © 
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sich allgemeine nach unten, aber solcher 
Fehler kommt oft vor, wenn Experiments- 
und MeBmethode anders ist. Aber sonst 
stimmen beide Werte ziemlich gut tuberein, 
besonders die anschaulichen Aktivierungs- 
energien E, die von den Neigungen der 
Kurve In ti in Bezug auf 1/T nach Gleichung 


E 
ti1=Konst. Xe®? errechnet werden  sollen, 


stimmen sehr gut tiberein. 


Zusammenfassung 


Mit der letzten und dieser Arbeit ist klar 
geworden, dafSZ man von der Wahrscheinlich- 
keit der Entziindung in einer Zeiteinheit, die 
man aus der Schwankung der Induktionszeit 
der Entziindung errechnen kann, viel neues 
wissen und vermuten kann, z.B. welche 
chemische Bindung an welcher Reaktion teil- 
nimmt, wie groB jede Aktivierungsenergie, 
die Totalwarme, die Sekundarreaktion 
zugefiihrte Warme, Konstante A und B usw. 
Nach diesen empirischen und theoretischen 
Ergebnissen kann man auch die durchschnitt- 
lichen Induktionszeiten der Entziindung 
beliebiger 2—Paraffin-Luftgemische schatzen. 

Zum SchluB8 danke ich Herrn Prof. W. Jost 
und Herrn Dr. Wagner, die mir die Chance 
gegeben haben, diese Arbeit zu tun, und fiir 
die freundliche Leitung. 
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Using a Beckman & Whitley high-speed framing camera, the velocity 
of glass fracture caused by an underwater disruptive electric spark was 
measured. The observed maximum velocity was about 2.4 km/sec, 60% 
higher than the usually accepted normal limiting value. A gradual de- 
crease of fracture velocity was also observed. From these observations 
it has been deduced that the maxium fracture velocity is, contrary to 


the hitherto assumed theory, dependent on the increasing rate of applied 
stress. 


$1. Introduction an oOver-estimation for ordinary spark shadow- 

Since in 1937 Schardin and Struth»” studied 8taphs), the velocity of glass fracture in 
the spread of impact fractures in glass by this case would surpass=the above-mentioned 
the use of their multiple-spark camera, not limiting value. 
a few investigations have been carried out for _ /he main purpose of our work was to check 
the determination of glass-fracture velo- this point by means of successive high-speed 
city.»987)8) They unanimously indicated that photography, 
for any kind of glass there existed a certain 
constant maximum velocity corresponding to 
its chemical composition (about 1500 m/sec for 
normal glass), which was not affected either 

by the over-all stress at the moment of 

fracture or by the temperature of glass speci- 
men. According to Dimmick®, the effect of 
the latter on a soda-lime glass can be express- 
ed as the temperature coefficient on the order 
of —0.15 m/sec/°K. This maximum velocity 
is approximately equal to one half of the 
velocity of transverse waves and to one third 
of that of longitudinal waves in the material 
studied. Theoretical considerations support- 
ing this limiting value from the standpoint of 
its correlations with elastic waves were also 
developed by Poncelet), Yoffe'?, Mott", and 
Robert and Wells. §2. Experimental Procedure 

In some of his earlier works, however, The specimen was prepared by cutting an 
Hirata'® presented a photograph like the one ordinary sheet glass. Between this specimen 
in Fig. 1, which shows the initial state of having a square form of about 77cm? and 
glass fracture produced by underwater spark 1.4mm thickness and the glass Plate having 
discharge. It should be noticed that this the same form but a larger thickness were 
shadowgraph of growing cracks was taken in sandwiched two pieces of aluminium foil cut 
the light emitted from the underwater spark in a spear-like shape as a couple of electrodes 
itself with some suitable arrangement of a as shown in Fig. 2. The tips of the foils 
reflecting spherical mirror placed under the were placed facing each other with a gap of 
glass plate. Therefore, even if the light about 1mm between them. After such pro- 
duration of the spark be 1 usec (this is rather cedure was carried out wholly in the water 


Fig. 1. A silhouette photograph of growing glass 
cracks initiated by an underwater electric spark. 
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with special care to extrude any trace of air 
bubbles, the specimen assembly was left in a 
water tank equipped with a glass window in 
its bottom. 

The schematic diagram of the whole ex- 
perimental arrangement is shown in Fig. 3. 
In order to catch the sequence of the events, 


Percussion Crac 


Crack “A” 


Al-foil Electrodes 


Crack "B" 


Fig. 4. A sequence of 15 pictures taken at a rate 
of 1.8x108/sec, using the Beckman & Whitley 
high-speed framing camera. The sequence 
shows the initial stage of glass fracture pro- 
duced by underwater spark discharge. 
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a high-speed framing camera (Beckmen & 
Whitley Model 189) was used. As this instru- 
ment is not equipped with any adequate 
shutter, a Xenon flash lamp of sufficiently 
short duration was adopted as the illumination 
source so as to prevent the film from double 
exposure. When the rotating mirror in the 
camera attained a definite speed, a sharp 
pulse was brought out from the camera by 
manual switching just before the mirror came 
to the position of the first frame. This pulse 
served both for firing the flash lamp im- 
mediately and for triggering the main under- 
water spark after the delay of 2 usec or so. 
When the third electrode of the three-point 
gap was triggered, a high voltage of 50KV, 
at which the Leyden jar had been kept, was 


Fig 8. Two successive views, taken witha high- 
speed cine-micrograph, of a fast-cracking of a 
thin glass sheet. Exposure time for each was 
6x10-*sec;. interval between frames was 
2.4.x 10-6 sec, 
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suddenly applied to the underwater electrodes. 
Then a gaseous conduction channel formed 
across the gap. The rate of current rise was 


Al-foil 


Electrodes 


Fig. 2. Arrangement of Al-foil electrodes sand- 
wiched between glass plates. 
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so great that the growth of the gaseous con- 
duction channel was strictly restrained by the 
inertia of the water, and this resulted in high 
pressure upon the gas of the channel and 
cosequently also upon the water around. It 
was the pressure wave thus generated in the 
water that caused the glass specimen to frac- 
ture. It may be said that the loading time 
in this methed is extremely short as compared 
with other mechanical impacts. 

After illuminating the phenomenon in 
silhouette, light from the source was deflected 
to the horizontal direction by the plane mirror 
placed above the water tank and finally fell 
into the objective lens of the high-speed 
camera through a large condenser lens. As 
the pictures were liable to be spoiled by the 
light directly coming from the luminous 
underwater spark, a tiny piece of black paper 


Plane 


Trigger 


Generator 


Beckman & Whitley Model 189 
High-Speed Framing Camera 


Mirror 


7, i a 


Digaes 


was placed over the position of the electrode 
gap. 


§3. Results and Discussions 

In Fig. 4 is illustrated a typical sequence 
of pictures of glass fracture produced by 
underwater spark. They were taken at a 
rate of 1.8x10° frames per sec. It can be 
seen that at first a percussion crack of ellipitic 
form appears and then from its margin a few 


Rotating 
Mirror 


A schematic diagram of the whole experimental arrangement. 


cracks commence to grow in the directions 
radially outward from the center of percussion. 
In addition, the pressure wave in the water 
is also clearly photographed propagating in a 
circular form ahead of the cracks. The prop- 
agation-time curves of these cracks and a 
pressure wave are indicated in Fig. 5. 

Partly because of the scattering of light 
at a number of glass-water boundaries 
through which the illuminating light from 
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the Xenon lamp passes and partly because 
of slight defects in the condenser lens which 
is located not so far out of the focus of the 
objective lens, the resolution of fine details 
in the shadowgraphs cannot be very satisfac- 
tory. For the determination of the propaga- 
tion distance, therefore, measurement was 
repeated seven to ten times for each shot 
on the enlarged positive photographs either 
by direct scaling or by a travelling micro- 
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Fig. 5. Measurement of three cracks and a pres- 
sure wave shown in Fig. 4. 
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scope. The mean square root deviations of 
such observed values are 0.40mm, and are 
indicated by the bars annexed to each of the 
points in Fig. 5. It may be natural to assume 
here that the very early stage of the appear- 
ance of a crack is not detectable in these 
photographs if the length of the crack does 
not exceed the order of 0.4mm. A smoothed 
out curve is drawn covering the system of 
plotted points in Fig. 5, and at the 
successive points along this curve the respec- 
tive gradients to the curve are obtained 
graphically. The relation between the crack 
velocity thus obtained and the time elapsed 
after the beginning of the fracture is shown 
in Fig. 6, while Fig. 7 shows the velocity 
versus the extending length of the crack. 


Crack “A’ 


( km/sec) 


Velocity 


O J 2 S 4. 5 6 Ue 
Distance (mm) 


Fig. 7. Velocity versus length of cracks. 


According to Figs. 6 and 7, the fracture 
velocity of the crack ‘‘A’’ at its initial stage 
attains a value as large as 2.4km/sec, which 
is about 60% larger than the generally accept- 
ed maximum velocity. Although the precision 
of velocity determination by means of dif- 
ferentiation of the length-time curve is not 
sufficiently high, yet it is unbelievable that the 
maximum velocity in this case is higher not 
than the normal limit, even if a conceivable 
range of errors is taken into account. 

As is already known, there are some cracks 
running apparently faster than the limiting 
velocity. For example, if a fine scratched 
line exists in the internal part, or on the 
surface, of a glass plate and the direction of 
maximum loading tension coincides approxi- 
mately with this line, a crack with secondary 
fractures will follow this line with enormous 
velocity. Secondary fractures can also be 
initiated sucessively at numerous points with 
some distances apart in front of the normal 
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cracks, as is reported by Pugh ef al.) when 
violent shock waves much faster than the 
fracture velocity are applied. This view, 
however, does not apply to the present case, 
for although the cracks we observed are those 
that have developed secondarily from the 
margin of the ellipitic percussion crack, the 
velocity we measured is that of the extension 
.of those secondary cracks themselves, not the 
“superposed one. 

It might be supposed that the observed 
ssupervelocity is due to an _ extraordinarily 
large impact energy. But this cannot be the 
case, because the impact energy is by no 
means conspicuous; this would have been 
less than 10° erg, even if the whole energy 
reserved in the Leyden jar had been dissipat- 
ed for producing fractures, whereas, in the 
experiment of Schardin and Struth who shot 
rifle bullets against glass targets, the consum- 
ed energy should have been greater than that 
in our experiment in the order of magnitude. 
‘Thus we are lead to the idea that the normal 
maximum fracture velocity can be surpassed 
if the loading rate of an impact attains some 
extremely high value. In other words, we 
are suggesting that the most important factor 
that influences the maximum fracture velocity 


may be S or S, where S denotes the over- 
all stress at the moment of fracture and the 
dot means the time derivative. 

Recently Schardin') stated that the fracture 
velocity Vy should be determined by an equa- 
tion of the following form: 


Vs=F(T,0,E,4,X) 


where TJ indicates the surface energy in the 
material, o the density, KE Young’s modulus, 
zw Poisson’s ratio, xX the residual plastic 


energy. His equation will hold, so long as S 


-or S is not so large. 

Further he gave interesting remarks as 
follows. ‘It is an astonishing fact that 
-during the twenty years that high-speed 
photography has been used to study fracture 
phenomena no continuous velocity decrease of 
a crack once running at maximum speed 
-could be observed. Very often a crack stops 
rapidly, and no transition phase can be detect- 
-ed within the space and time resolution of 
the applied equipment (order of magnitude; 
1mm and 1ysec, respectively). This is true 
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for high-speed as well as for low-speed load- 
ing.”’ 

As a fundamental reason for the non-ex- 
istence of a gradual decrease of fracture 
velocity, he presumed that a certain value of 
exterior stress is indispensable for the pro- 
ceeding of a fracture and it stops abruptly 
when the exterior stress comes below this 
value owing to the consumption of kinetic 
energy through the fracture. His presumption, 
however, seems to be somewhat hasty when 
viewed in the light of the results of our 
study. 

The only condition under which a velocity 
decrease is observed by high-speed photo- 
graphy is when hackle marks appear, he 
states. In our case no hackle marks could 
be observed so far as the resolution by the 
unaided eye is concerned. 

In the crack ‘“‘B”’ of Fig. 5 the marked 
points are seen much scattered around the 
mean smoothed curve. This is due to the 
fact that we drew the curve so that its time 
derivative might be a monotonically decreas- 
ing function. However, it may be more 
natural to consider that the variation of the 
fracture velocity is not always monotonic on 
the way of crack propagation, for Schardin 
already found evidences of cracks stopping 
and starting again. 

In Fig. 8 two photographs are given which 
were taken with a high-speed cine-micro- 
graph'®'!%, They also show the fracture of a 
thin plate (0.25mm in thickness) of the 
microscope cover glass caused by the under- 
water spark. While in the first frame no 
radial cracks can be found, several cracks 
have developed in the second frame. As the 
framing rate in this case was 4.2x10° per 
sec and the magnification was 4.2x, the 
estimated velocity of the longest crack is 
higher than 2.2km/sec, which agrees well 
with the value in Fig. 6. 

In conclusion of these discussions, we should 
like to comment upon Hirata’s remarks on 
the single-exposure photograph such as in 
Fig. 1. Though the duration of light output 
from the spark was much longer than his 
estimation probably because of the vaporiza- 
tion of the foil electrodes, it took time of 
the same order before radial cracks started 
from the margin of initially formed percussion 
cracks, so the two effects compensated each 
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other and his estimation of fracture velocity 
did not differ so widely from the results of 
our investigations. 


§4. Conclusion 


While there has been a generally accepted 
view that the maximum fracture velocity of 
glass is quite independent of the method of 
application of impact, we have found, by 
measurement, a higher fracture velocity when 
the fracture was initiated by the underwater 
electric spark. Such supervelocity could be 
observed only transiently and was confined to 
the initial region around the origin of the 
cracks. The fracture velocity went down 
soon to the normal value, and after that 
gradually decreased. This phenomenon was 
found for the cracks which began to appear 
at a comparatively early stage of fracture. 
For the cracks developing later no such re- 
markable supervelocity was observed, though 
the gradual decrease of fracture velocity 
could be traced, contrary to the usual assump- 
tion made according to the results hitherto 
obtained from the usual high-speed photogra- 
phy. 

We wish to express our best thanks to 
Prof. Moriso Hirata for his stimulating 
guidance and suggestions. Cordial thanks 
are also due to Mr. Taijiro Uchida of Nihon 
University who operated the Beckman & 
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Whitley high-speed framing camera. 
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Fatigue Properties of Zine Single Crystals 
and Polycrystals 


Mikic YAMAMOTO and Jir6 WATANABE 


The Research Institute for Iron Steel and 
Other Metals, Tohoku University 
Sendat 
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Zinc single crystals with the [0001], [1010], and 
[1120] orientations and zinc polycrystals having the 
grain size of 130~400 grains/cm?, have been sub- 
jected to the cantilever rotating fatigue tests at 
room temperature. 99.99% pure zinc was used for 
the preparation of the specimens; single crystals 
were made by the Bridgman method, and poly- 
crystals were produced by sucking up the melt 
into galss tubes, in argon atmosphere or vacuum. 
The specimens were polished carefully with emery 
papers 0~0.5, then polished chemically with ethyl 
alcohol plus nitric acid plus hydroperoxide (1:1:1), 
and finally annealed at 350°C for 2 hours in the 
state sealed in a vacuum. 
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Fig. 1. Fatigue properties of zinc single crystals 


and polycrystals. 


The maximum alternating bending strees, S, 
' versus the logarithm of the number of cycles to 
fractur, N, curves are shown in Fig. 1, which in- 
dicates that the curves are linear and that both the 
slope of the curve and the fatigue strength are the 
greatest for polycrystals and become less in the 
order of [1120]=[1010] and [0001] single crystals. 
The S-N curve for [0001] crystals lies nearly 
parallel to the abscissa, showing that the fatigue 
failure occurs in a very narrow stress range above 
which the crystals cleavage-fracture along the (0001) 
plane immediately after the load was applied. 
Similar S-N curves were observed in the low 


temperature fatigue tests on zinc and iron poly- 
crystals which showed brittle fracture.!) These 
facts may indicate that brittle or less plastic cry- 
stals show no or less fatigue. The S-N curves are 
nearly the same for [1120] and [1010] crystals, in 
which the piastic deformation proceeds by multiple 
slips of {1122}[1123] system as well as by twinning 
of the {1012}[1011] system and finally the failure 
occurs by stepped-like cleavage along the {1010} 
planes of the matrix and along the {0001} planes 
of the twin. 

The endurance limit, defined conviniently as the 
fracture stress at 107 cycles, is 2.0kg/mm2 for 
polycrystals, 1.30kg/mm? for [1120] and [1010] 
crystals, and 1.10 kg/mm? for [0001] crystals. The 
comparison of these data with those of the statical 
strength, determined from tests made on single 
crystals of the same orientations as the fatigued 
ones, indicates that, in [0001] crystals, the normal 
stress operating on the (0001) cleavage plane at 
the endurance limit is about a half of the normal 
fracture stress observed in the statical test, but 
the resolved shear stress operating along the (0001) 
[1120] direction at the endurance limit coincides 
very well with the critical resolved shear stress 
of the (0001)[1120] slip in the static deformation. 
The latter relation also holds for the {1122}[1123] 
slip system and for the {1012}[1011] twinning in 
[1120] and [1010] crystals. These findings mean 
that the fatigue stress below which the specimen 
crystal never break equals to the minimum stress 
at which slip or twinning starts, in consistent with 
the observation by Hempel et al.2) that the endu- 
rance limit of iron single crystals coincides with 
their yield strength. 

It is to be added that the fatigue properties of 
polycrystals are independent on the grain size in 
accordance with the observation by Fegredo and 
Greenough.?) 
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NMR of Co*® in Ferromagnetic Hexagonal 
Cobalt Metal 


By Yoshitaka KéI and Akira TSUJIMURA 
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The NMR in ferromagnet was first observed in 
cubic cobalt metal by Gossard and Portis!). The 
resonance frequency of Co5? is 213 Mc/sec at room 
temperature, and the frequency extrapolated to 0°K 
is 217.2 Mc/sec,?).3) implying an effective field of 
217.5 x 103 oersteds at the site of the nucleus. The 
field arises from the hyperfine interaction between 
the nucleus and both the core and the conduction 
electrons, as has been discussed by Marshall?). 
Therefore, the resonance frequency gives useful 
information about the electronic configuration. 
From this point of view, the resonance in hexagonal 
cobalt is very interesting. Portis and Gossard?) 
searched for the resonance, but did not succeed 
probably because of the insufficient sensitivity of 
their spectrometer. The present authors have suc- 
ceeded in observing the resonance, and it is the 
purpose of this note to report the results of the 
experiment. 

The sample was about 0.5 gm. of finely divided 
and well annealed Co metal. A superregenerative 
spectrometer was used for detecting the resonance. 
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Fig. 1. The resonance frequency of Co as a 


function of temperature. The error in the de- 
termination of the frequency is +0.5 Mc/sec 
for hexagonal cobalt. 
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It was frequency-modulated, and the resonance i 
signal was displayed on an oscilloscope. As is well 
known, superregenerative scheme is adapted for i 
detecting weak resonaeces because of its high sensi- 
tivity, but its serious disadvantage is that the ap- i 
parent shape of the resonance signal varies appreci- | 
ably with the condition of the quenching. There- | 
fore, accurate determinations of the line width, the 
intensity, and the frequency were impossible. | 

The line width is estimated to be about 0.4 Mc; || 
sec by comparing the signal with that in cubic. 
cobalt). The intensity is much weaker than that in . 
cubic phase. It is obvious that a large anisotropy 
energy in hexagonal cobalt is responsible for this 
reduction in intensity. In fact, the intensity in- 
creases with increasing temperature and reaches 
the maximum at about 230°C where the anisotropy | 
constant Ky, changes its sign’). The maximum 
intensity is about ten times as strong as that a® 
room temperature. 

The frequency-versus-temperature curve is shown 
in Fig. 1 together with the curve for cubic cobalt. 
2),3),6) It is seen that the frequency decreases with 
increasing temperature more rapidly in hexagonal } 
cobalt than in cubic one. The frequency extra- | 
polated to 0°K is 228.0+0.5 Mc/sec, which corre- | 
sponds to an effective field of (228.4+0.5) x 103! 
oersteds. This value is slightly larger than that || 
determined by the specific-heat measurement at | 
low temperature”).8) and also than the value in. 
cubic cobalt. The difference of about 11x10?) 


oersteds between the values in hexagonal and cubic :} 


cobalt would be due to the contribution from the :}) 
dipolar field of 3d electrons, though it is only one , ' 
seventh of Marshall’s estimation. 

Co5® resonances in Co alloys are now being in-- 
vestigated. 
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Dielectric Constants and Loss Tangents of 
(Glycine);H»SO.(TGS) at 3.3 KMe/s 


By Eiji NAKAMURA and Jiro FURUICHI 


Department of Physics, Faculty of Science, 
Hokkaido University, Sapporo Japan 


(Received August 11, 1960) 


|. Dielectric constants, ¢’, and loss tangents, tand, 
| of TGS were measured at the 3.3 KMc/s from room 
| temperature to about 80°C. The experimental 
|, method was almost the same as that of previous 
| one. But instead of the cylindrical cavity in the 
L previous paper, a rectangular parallelepiped cavity 
| resonating in TE;.; mode was used. The electric 
), field of this mode was given by 

Ex=Ez=0, 


(1) 


Ey=a sin 7 “@ sin = Zz 
| where A and C are dimensions of the cavity along 
| the x and ¢g directions. If a cylindrincal dielectric 
| specimen is placed at one of the positions at which 
| the electric field is maximum, and if its sides are 
| parallel to the electric field and both ends are in 
} perfect contact with the cavity wall, the dielectric 
| constant and the loss tangent of the specimen can 
| be obtained by following expressions; 


(a: constant) , 


pe Ve 2 Si—fe a i 

2us Se (2) 
tan d= aaa fee - a) 

~ 4e’ vs\ Qe Qi)’ 


as far as fi—fe is small, where ve, vs, f and @ 
stand for the volume of the cavity, the volume of 
| the specimen, resonant frequency and Q value of 
| resonance, respectively, and also suffix 1 and 2 
| mean the empty cavity and cavity containing the 
specimen, respectively. Since the specimen is 

cylindrical, ve/vs equals the ratio of cross-sectional 
! area of the cavity and the specimen perpendicular 
'to the y direction. A resonant cavity of 7x0.4x 
| 30cm? was used in our measurements. Loaded Q 
| value of the empty cavity was about 1,400. The 
| measured values of e’ and tand did not depend on 
| the specimen volumes. 


Table I. 
Specimen : ‘Cross-sectional Area (cm?) 
—— ae 0.86 x 10-4 
2 Abess YOO 
3 Wo SAIS 
4 tpl <lO m2 
5 2.30x 10-2 


g Cross-sectional area of the specimen 1 is esti- 
mated from fi—/e. 
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Table I gives the dimensions of the used TGS 
specimens. All the specimens have square cross- 
sections, and monoclinic b-axis is orientated to the 
field direction. In Fig. 1 the temperature vari- 
ations of both the dielectric constant and loss tan- 
gent along the b-axis are shown. The data at 1 
Mc/s were obtained by using an inductive-ratio- 
arm bridge. The relaxation frequency of TGS at 
the Curie point has been reported to be 500 Mc/s?). 


® + €’ of specimen | 
ees ta average of 
800 ——-: tan&? five specimens 
—o—: eat |) Me/sec 
600 
400 
tan 8 
200 0.5 
0 L \ tot OO 
60 70 80 
temperature (°C) 
Fig. 1. e’ and tand of TGS along the b-axis. 


However, the dielectric constants at 3.3 KMc/s were 
found not to be appreciably smaller in the meas- 
ured temperature region except near the Curie 
temperature compared with the values at lower 
frequencies, and also the observed loss tangents 
were not very large in these regions. Hence, we 
may say that the dielectric dispersion is not effec- 
tive even at 3.3KMc/s in these temperature re- 
gions. We may expect, therefore, that relaxation 
frequency has a minimum at the Curie point, as 
was shown in Rochelle salt®). In order to verify 
this expectation, it would be necessary to extend 
the measurement to higher frequencies. 
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Some Properties of Titanium Sesquioxides 
Containing Vanadium Ions 


By Tatsuyuki KAWAKUBO, Taketoshi YANAGI 
and Shoichiro NOMURA 


Physics Department, Tokyo Institute of 
Technology O-okayama, Meguro-ku, 
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Experimental data have been presented that show 
marked changes in the electrical!), magnetic?) and 
thermal’) properties of Ti,O3 in the temperature 
range of 160°~200°C. It has also been examined 
by X-ray diffraction studies?) that the lattice para- 
meters of Ti,O3, which has the corundum type 
structure with the trigonal symmetry, change 


Tize0s 02 O4 O6 O8 Ve03 
xX — 

Fig. 1. Lattice parameters a and ¢ of (Tij-zVz).03 
at room temperature. The values for Ti.O3 at 
280°C2) are given by the marks 4 and the values 
for V.03 are due to ASTM Card. 
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Fig. 2. Electrical conductivity of (Tij-,V,).03 as 
a function of reciprocal temperature. 
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abruptly in the same temperature region. The | 
sudden change in magnetic susceptibility has sug- 
gested that an antiferromagnetic ordering would | 
be present below the transition temperature, but 
any positive evidence for antiferromagnetism has — 
not been obtained by a recent neutron diffraction | 
study). The present report is concerned with | | 
studies on Ti,O3-V2O3 solid solutions containing up | | 
to ten molar percents of V2O3. 

The specimens used were prepared by sintering 
the mixture of Ti, TiO, and V2.0; powders of desirea 
ratio in a carbon resister vacuum furnace under . 
the pressure of 10-4mmHg, at 1450°C, for about & 
hours. The hexagonal lattice parameters a and ¢ 
for (Tij-zVz)203 at room temperature are shown in 
Fig. 1. An outstanding fact found in our work is § 
that the lattice parameters observed in the solic 
solution series show a great deviation from that of 
Vegard’s Jaw and their values lie nearly to those 
of pure Ti,O3 obtained above the transition tem- 
perature. A marked difference was also observed 
between the electrical conductivities of pure Ti,O, 
and its solid solutions. The result is shown in Fig. 
2. The electrical conductivity of pure Ti,O3 shows | 
a characteristics of semiconductor and has a step- §f 
wise increase near 180°C. This anomalous feature, | 
when some amount of Ti3+ ions in Ti,O3 are}! 
replaced by V3+ ions, becomes extremely indistinct || 
and the semiconducting character of the electricai. 
conduction changes to the metallic one. For’f 
Tii.sVo.203, the electrical conductivity apparently ' 
decreases with increasing temperature. | 

It may be said from these expeaimental facts i) 
that the transition observed in pure Ti,O3 is sensi- ! . 
tively affected by the existence of a small content A 
of V8+ ions. Assuming one electron per cation to). 
be available in stoichiometric Ti,O3, we may say'|. 
that a small deviation of the number of electrons; 
in cation from one causes a large effect on the: 
properties of Ti,03. Further, the facts observed in}! 
our study seem to favor a model proposed by’{, 
Goodenough), which gives an idea of the electron) 
pair bond formation between cations in Ti,O3 att 
low temperatures. 

The authers wish to express their sincere thanks: 
to Professor Shozo Sawada for his helpful discus- - 
sions and continual encouragement. 
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_ Photoconduetivity of Cu-activated Cadmium 
Sulphide-Selenide 


By Sumitada ASANO 


Department of Physics, Faculty of Science, 
Okayama University 


(Received September 24, 1960) 


Spectral response of photoconductivity of CdS 


6 has been extensively investigated. On the other 
§. hand, we know that the emission band and absorp- 
j, tion edge of ZnS phosphor shift towards longer 
_wave-lengths by adding increasing quantity of CdS, 


ZnSe or CdSe!). In this paper we report the spec- 
tral response of photoconductivity of Cu-activated 
Cd(S:Se) at room temperature. The starting ma- 
terials, pure CdS and CdSe powder, were prepared 


| by careful procedures mentioned in the previous 
} paper?). 
| was dried at 110°C after adding 5x10-2 mole % 
| of CuCl, as activator and 2 mole % of KCl as co- 


The mixture of CdS and CdSe powder 


activator. Then it was put on a silica boat and 


) fired in a silica tube for 15 minutes at 1000°C in 


nitrogen atomosphere. 
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Spectral response of photoconductivity. 
The peak of each sample is arranged to have 


the same height. 


The sample was ground and settled on a con- 
ducting glass plate by sedimentation in ethyl- 
alcohol without any binder, and pressed to a flat 
metal sheet mounted in an evacuated glass vessel 
so that the sample was sandwitched between the 
conducting glass plate and the metal sheet. The 
sample then became a uniform layer about 0.3mm 
in thickness. A uniform light beam from a tung- 
sten lamp was led onto the conducting glass plate 
through a glass monochromator. The spectral 
energy distribution of the beam incident on the 


Short Notes 


2103 


sample through the conducting glass had been 
measured previously by a vacuum thermocouple. 
A DC voltage of several volts was applied across 
the sample from a battery source. The results 
are shown in Fig. 1. 

As is shown in the figure, the peak due to cop- 
per shifts regularly towards longer wave-lengths, 
as in the case of the emission band in Cu-activated 
Zn(S:Se) phosphors. The trough observed between 
the fundamental and copper absorption bands _be- 
comes shallower with increasing proportion of CdSe. 
Besides, the spectral reflectance of each sample 
was measured in comparison with standard MgO 
powder by using the same apparatus as in the 
reference cited’). Then the value of forbidden gap 
of each sample was determined from the position 
of absorption edge in the reflectance spectra. The 
average rate of reduction in the forbidden gap is 
about 0.69x10-2eV/mole % of CdSe, whereas that 
in the energy gap for copper absorption obtained 
from Fig. 1 is about 0.52x10-2eV/mole % of CdSe. 
These facts show that the forbidden gap is de- 
creased more rapidly than the energy gap for cop- 
per absorption and that the ground state of copper, 
in the samples containing large proportion of CdSe, 
tends to be immerged in the valence band?). 

The response time in the decay of photocurrent 
after sufficient irradiation at the wave-length of 
copper peak was measured for various irradiances 
using an electromagnetic oscillograph. The re- 
sponse time ¢ of the sample approximately obeys 
the relation 

W=/wL-e > 

where ZL is the photon density incident upon the 
sample, k the constant characteristic to the sample 
and n=~0.5. k decreases rapidly with increasing 
proportion of CdSe. This will be attributed mainly®) 
to the fact that the thermal depth of shallow traps 
concerned in current decay decreases and trapped 
electrons may be easily released into the conduc- 
tion band with increasing proportion of CdSe. This 
fact is observed also in thermoluminescence experi- 
ments on (Zn:Cd)S and Zn(S:Se) phosphors®). 

Details will be published later. 
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On the Ferrimagnetic Resonance of 
Europium Iron Garnet 


By W. P. WOLF 
Clarendon Laboratory, Oxford, England 


(Received June 22, 1960) 


Recent microwave experiments on polycrystalline 
europium iron garnet (EulG) have shown® that 
this substance has a rather low g-value, (1.34 at 
300°K), which varies with temperature. The pur- 
pose of this note is to account semi-quantitatively 
for the observed magnitude of g and its tempera- 
ture variation. 

In any strongly coupled ferrimagnetic system the 
effective g-value which determines the resonance 
condition, is given by@) 

_2mc M 

= 7 ‘ 

where / is the total magnetic moment, in units of 
Bohr magnetons per molecule, and A is the total 
angular momentum, in units of h/2z per molecule. 
The magnitude of M in EulG and its variation 
with temperature has been measured by Pauthenet®), 
and it has recently been explained theoretically.“ 
The theory showed that M can be accounted for in 
terms of the algebraic sum of the magnetic moment 
of the Fe’+ sublattices behaving very much as in 
yttrium iron garnet (YIG), and an antiparallel 
magnetic moment due to the Eu3+ ions. The latter 
arises from an exchange interaction with the Fe*+ 
ions as in other substances, but with the difference 
that it is almost entirely of an induced nature, due 
to off diagonal matrix elements from the spectro- 
scopic ground state J=0 to the first excited state 
J=1. This mechanism gives rise to an induced 
magnetic moment because L-+-2S is not a constant 
of the motion, bu‘ it “oes not produce any angular 
moment, which is proportional to L--.S. Therefore 
we would expect A in EulG to be very similar to 
its magnitude in YIG, in which it has value 
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Variation of the resonance g-value with tempera- 
ture. Solid line, experimental results); broken 
line, theoretical results calculated from 2Mpuic/ 
Myica, taken from curves 1 and 2 of reference (4). 


Notes 


(Vol. 15, 


where gy1q is very close to 2.@) Thus the g-value 
in EulG should be close to 2Mmuic/Myic. Using 
curves 1 and 2 in Figure 1 of reference 4, this || 
gives the broken line shown in the Figure. The > 
agreement with the experimental results is quite 
reasonable, in view of the simplifying assumptions, | 
and the fact that the theory contains no adjustable | 
constants other than the coefficient a which normal- | 
izes curve 2 at T=0°K. | 

At the lowest temperatures there is a systematic 
divergence which is not explained. It may be con- | 
nected with the observed broadening and doubling | 
of the lines, which were ascribed to anisotropy 
effects in the polycrystalline material.@) If this is 
so the theory should apply better to single crystal 
data.“ Another possible explanation for the dis- ff 
crepancy might be the effect of rare earth or other | 
impurities, either in the resonance samples or in 
Pauthenet’s magnetic moment samples. 

The present theory is very crude. Improvements 
could be made a) by allowing for the small amoun® 
of angular momentum due to the J=1 state in 
Eu3+; b) the change in the Fe%+ sublattice magne- 
tization, and hence A, due to the back-action of 
the Eu’+ ions on the Fe#+ sublattices; c) inade- 
buacies of the molecular field theory, especially ai 
the highest and lowest temperatures. All these 
effects are potentially quite important (~10%), but | 
the considerable complications do not seem worth- 
while at present in view of the reasonable agree- 
ment of the simple theory. | 


The author would like to thank Professor J. H. 
Van Vleck for stimulating discussions. 
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Fundamental optical absorptions of alkali halides 
in the extreme ultraviolet region have been in- 
vestigated by several authors!)-3). The absorption 
spectra were measured on evaporated thin films 
because of their large absorption coefficients in the 
region. For LiF, however, the absorption method 
cannot be used to investigate the fundamental opti- 
cal absorption for the lack of appropriate substrates, 
and the reflection method is expected to be the 


{ most useful for this purpose. 


Thus, in the present experiment the reflection 
spectrum of LiF was measured. A single crystal 
of LiF had been kindly offered by Prof. Pringsheim, 
and its newly cleaved surface was used. The 
cryostat for reflection measurements is shown 
schematically in Fig. 1. It is a modified one of 
Walker’s type?). The vacuum monochromator?) 
used was the Seya-Namioka type. Since it has no 
window in the optical path, measurements could be 


Exit Slit 
To pump 


Fig. 1. Shematic diagram of the cryostat for re- 


flection measurements. 
(1): photomultiplier rotatable around the sample 


holder. 

(2): sample holder movable along the vertical 
axis. 

(3): window for sample. 

(4): window for reference. 


(5): turret with several filters. 
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carried out down to 800 A with the band width of 
about 2 A. 

The obtained reflection spectrum is shown by 
curve (1) in Fig. 2. Curve (2) shows the absorp- 
tion spectrum of the same crystal with the correc- 
tion of reflection effect. The reflection measure- 
ments were carried out with the incident angle of 
15° at room temperature. The values of reflectivity 
may contain the experimental errors of about 10% 
which might arise from mechanical operation of 
the cryostat and from incompleteness in the cor- 
rection of stray light. But the tendency of the 
curve is not affected by the errors, because the 
reflection measurements were made by recording 
each about 100 A segment of the spectrum. 
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Fig. 2. Reflection and absorption spectra of LiF 


single crystal measured at room temperature. 
Curve (1): reflection spectrum. 
Curve (2): absorption spectrum. 


As seen in curve (1), a peak was found at 12.7 ev 
and a “shoulder ” was observed at about 13.8 ev. 
In accordance with the fact?) and the theoretical 
consideration that reflection peaks nearly coincide 
with absorption peaks, the newly found 12.7 ev 
peak and 13.8 ev “shoulder” in the reflection 
spectrum of LiF at room temperature are assigned 
to the exciton peak and the onset of the band-to- 
band transition respectively. Furthermore, as seen 
in curve (1), the shape of the reflection spectrum 
near the peak suggests that the exciton band in 
LiF has a mutiplet structure which will be con- 
firmed with success in measurements at low tem- 
peratures. 
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the Cluster Formation in 
an Al-Cu 4% Alloy 
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According to recent investigations!).2) the high 
rate of cluster formation in Al-Cu alloys quenched 
from a temperature of a uniform solid solution 
range is ascribed to the quenched-in vacancies. In 
the present work, the effect of plastic deformation 
on such a clustering of solute atoms is examined 
with a 4% Cu alloy by measuring the electric re- 
sistivity, and the roles of dislocations and vacan- 
cies in the clustering process are also discussed. 
The polycrystalline specimens, 0.7 mm in diameter, 
were water-quenched or air-cooled after being 
solution-treated between 520 and 530°C, and were 
dipped without delay in liquid nitrogen. After 
being streched to various extents (0O~17.8%) in 
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Fig. 1. Change of electric resistivity on ageing 
at 0°C. 
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liquid nitrogen, they were transferred to a bath 
of constant temperature to make ageing. The 


determination of the electric resistance at any | 
stage of ageing process was carried out ina liquid © 


nitrogen bath in order to suppress any further 
progress of ageing during resistance measurement. 


Some of the results are shown in Fig. 1, where 4R | 
is the increase of resistivity during ageing and Rp | 


the initial resistivity just after water-quenching or 


air-cooling. The following tendencies are recog- | 


nized. 

(1) 
mens, resistivity increases during ageing process 
after plastic deformation if the latter is small as 
in the case of several percent or less elongation. 
Such an increase is ascribed to cluster formation. 
However, in air-cooled specimens a decrease of 
resistivity is observed at the beginning of ageing 
after large deformation such as elongation exceed- 
ing about 13%. This decrease may be due to the 
annihilation of defects produced by plastic defor- 
mation. 

(2) Except such an initial decrease of resistivity 
the plastic deformation after water-quenching or 
air-cooling increases the increasing rate of resis- 
tivity in the early stages of ageing. In air-cooled 
specimens the effect is more evident. 

(3) 
resistivity of deformed specimens decreases with 
ageing time more rapidly than that of the unde- 
formed water-quenched one. This rapid decrease 
becomes more pronounced with increasing amount 
of elongation. 


(4) The initial rate of resistivity increase in an 


air-cooled, 4-5% elongated specimen is about the 
same as that of a water-quenched. The results 
obtained for both specimens in the range of ageing 
temperature between 18 and —30°C were compared. 
From a curve of {d(4R)/Rodt},-o plotted against 
1/T the activation energy of about the same value 
0.47~0.52 eV was obtained for both cases. These 
results suggest that the initial rate of cluster for- 
mation is enhanced by the excess vacancies pro- 
duced by plastic deformation. On the other hand, 
the fact that the rate decreases rapidly with ageing 
time for deformed specimens may be explained by 
the fact that dislocations are the effective sinks of 
excess vacancies®): that is, the increase in disloca- 
tion density leads to the rapid annihilation of ex- 
cess vacancies and, therefore, to the rapid decrease 
of the rate of clustering. However, there may be 


another possibility that the clusters formed at dis- | 


torted regions are stable and their development is 
hindered, as pointed out by Graf and Guinier). It 


has been reported that the cluster formation is | 


hindered by prestrain after quenching>).6), On the 
other hand, it is known that small clusters form 
immediately after or during plastic deformation at 


Both for water-quenched and air-cooled speci- . 


On the other hand, the rate of increase in | 


1960) 


room temperatures”).8), All these facts which seem 
inconsistent at first sight fully confirm to the re- 
sults obtained in the present investigation. 
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Distribution Coefficient of Zinc in 
Gallium Arsenide 


By Akikazu SHIBATA 
Sony Coporation, Shinagawa, Tokyo 
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The distribution coefficients of many substances 
in Ge and Si are reported though, not so many 
are reported in compound semiconductors. During 
the course of study of intermetallic semiconductor 
compounds in our laboratory, the distribution 
coefficient of Zn in GaAs was obtained through 
the impurity distribution study in GaAs ingots. 
The well-known formula giving the impurity distri- 
bution of a solidified ingot in the case of normal 
freezing was the basis of the determination of the 
distribution coefficient in this work; that is), 

C%(g)=KC(1—g)K-!, 
therefore, 

log CS(g)=(K—1) log +log KCo’ , 

where g, the fraction of the melt which has been 
solidified; C%, the impurity concentration of the 
solid as a function of the fraction; Co”, the original 
impurity concentration involved in the melt; and 
K, the distribution coefficient. Thus, by plotting 
log C5(g) vs log (1—g), a straight line can be ob- 
tained, and the tangent of the line, d, gives the 
distribution coefficient as K=(1+0). 

Among the possible dopants in Group III-V inter- 
metallic compounds, Zn and Cd are the most favor- 
able dopants for p-type materials and Se and Te 
for n-type. In this work, the distribution coeffici- 
ent of Zn in GaAs, which has not yet been reported 
so far as the author awares, was determined. 
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A vacuum sealed quartz tube, [D=16mm, con- 
taining about 15g of Zn doped GaAs was held in 
a horizontal furnace and kept at about 1280°C for 
several hours. The uniform distribution of the 
impurity concentration in the melt was not exa- 
mined, however, the uniformity was assumed. 
The melt was then pulled out from the furnace 
to be solidified with a speed of 25mm/hr. The 
obtained ingot was a large grain polycrystal and had 
a length of about 65mm. The direction of the 
crystal growth was not examined. 


®GAZn-3 
° GAZn-4b 


% 
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Fig. 1. Zn distribution as a function of position. 


The initial concentrations of Zn in the two sam- 
ples used, GAZn-3 and GAZn-4b, were 0.45 and 0.9 
wt% respectively. Six to seven specimens were 
cut from each ingot and the Zn concentration was 
determined chemically using Polarography Method. 

From the results, log CS(g) vs log (1—g) were plot- 
ted which are shown in the Fig. 1. Two best fit 
straight lines were drawn and the tangents of the 
lines were determined graphically. The resultant 
tangents were —0.68 and —0.70 for GAZn-3 and 
GAZn-4b respectively. The distribution coefficients 
were then determined as 0.32 and 0.30 respectively. 
Consequently, the distribution coefficient of Zn in 
GaAs was concluded as 0.31. 
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Interaction Types and Selection Rules in 
Baryon Processes 


By Seitaro NAKAMURA 
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In the previous letter!), we have introduced an 


interaction Hamiltonian of the strong interaction © 


for baryons by assuming new symmetry—“ «-charge 
independence ”—which is an extension of the idea 
of symmetrical meson theory. «-charge of baryons 
is defined from the 2/2 Pauli matrices: Q,.=(1+«s)/2, 
just as electric charge of nucleons is defined from 
the ordinary + matrices, Q,=(1+r3)/2. We assign 
x3=1/2 for the 2-particles and nucleons, «3;=—1/2 
for the Y and 4-particles, just as we assign 7c3= 
1/2 for proton and r3=—1/2 for neutron. Instead 
of using the ordinary isospin space, we adopt a 
three dimensional charge space, called N-space, 
where electric charge is defined by the relationship 
Q.—=N3. This is not identical with the M-space 
representation proposed by d’Espagnat, Prentki and 


Hysaz=0, 
Hyssr=9/2XQssrd-n+h.c. ; 


Thus we have not global symmetry‘) in the pion-baryon interaction. 
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Salam?), and by Takeda’), because strangeness is | 
not used in our representation. In order to give 
a Hamiltonian symmetric in «-space and also in N- 
space, (both of which are three dimensional and 
orthogonal to each other,) we assume the existence 
of sixteen kinds of mesons which mediate the 
strong interactions among baryons. They are in 
the states with Q,.=«3=1,0, —1 (|*e/=1) and Qx= 
*3=0 (|*|=0), to each of which there correspond 
four values Q.=N3;=1,0, —1 (triplet) and 0 (sin- 
glet). It is shown that kaons correspond to mesons © 
with Q,=+1, strangeness-two mesons to those with 
Qxe=0 (|e|=1) and pions to those with Qx=0 
(\c|=0). We assume the existence of two kinds of 
kaons, the one coupling the Z-particle with the 2 
and A-particles and which we denote L-kaons, and 
the other coupling nucleons with the and 4- 
particles and which we denote K-kaons. 

Now we shall determine the interaction types by 
introducing two assumptions which follow: i) 
Parity is conserved in the strong interactions. ii) 
Invariance under time-reversal of the Wigner type 
is required. As a result, the interaction Hamil- 
tonian for Hysz (given in (14) in the previous 
letter!)) will be cancelled out by adding the hermi- 
tian conjugate part. 


Qssr=Ts5, (57h > QsAr=175> Vy 157 ue « 


Ayan =! (2RsanA-n+ARsind-n)+h.c. . 


Analyses5)—6) on the branching 


ratios for the inelastic scattering of K~-meson by proton seem to support the present result. 
With regard to the other interactions, we are open to many possibilities, depending on the relative 


parities of baryons and the intrinsic parities of mesons. 


For instance, we may consider the following 


two possibilities for the strong interaction between XY and 4 through D-mesons. 


A) Hzsxp=0 , Hsip#0, 


iH sip—O05 
Hysp=g5XQsspS-D+h.c. ; 


For the case A), we must find the selection rule 
to prove the metastability of D+-meson, lest the 
=-particle should be unstable against the decay 
process ¥->x+N. For the case B), we have no 
trouble about the metastability of D+-mesons as the 
strangeness-two mesons recently reported. 

From the final expressions for the interaction 
Hamiltonians (9)-(12) in the previous letter!), with 
the present assumptions i), ii) and B), we can infer 
the selection rules to determine the  baryon- 
processes. 

For the strong interactions: 

(I) 4m=0, (I) An2=0, 


where 


(Il) 4n,=0, 


M=Nn+Ns+NA+tNE , 


N2=NN+NK+NE+NZ 


g: pure imag. 


g: pure imag. 


QyIsD=75, 157 a 3 QrAD=75) Tur 157 - 


QssD=75, 157 u 3 Qsip=". 


Hysap =9(22s1nA-D+ AQsipS-D)+h.c. . 


N3=Nn+NK+2np—Ns—MNz « 


Here ny, mz, 4 and nz are the particle numbers 
for the respective particles; for mesons we assign: 
NMe=4+1 (Kt, K4°), igen (Iie Le) , 

Sih nl ieee RO), = ate Oe 

mp=+1 (Dt), mp=0 (D), np=—-1 (D-). 
The selection rule (1) implies conservation of the 
baryon number. The selection rule (II) denotes 
conservation of «-charge. The selection rule (III) 
corresponds to conservation of strangeness strictly 
when we are not involved with strangeness-two 
particles. It is remarkable, however, to have reach- 
ed the law of strangeness in this case, because 
we did not start by assuming strangeness as a 
quantum number of particles. On the other hand, 
the present theory introduces a new selection 
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rule of conservation of «-charge in (ID. For instance, 
the process 3-+ P-— A+ is forbidden by (ID, but 
it is allowed by the strangeness rule alone. Asa 
result, we are led to assume the necessary existence 
of &-hyperfragments, which from the strangeness 
rule alone should decay instantaneously. 
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It has been shown by several authors!).2) that the 
hexagonal di-chloride of iron, cobalt and nickel 
show interesting magnetic properties, meta-mag- 
netism. Also the antiferromagnetic spin ordering 
of these compounds was ascertained by means of 
neutron diffraction experiments’). During the 
course of the investigation of bromides of the iron 
group elements, the present author will report the 
magnetic properties of NiBro. 

A specimen of NiBr, was prepared by the same 
method described in the previous paper‘); powder 
nickel (99.9%) was heated to about 720°C in bro- 
mine vapor (99.9%). The compound thus obtained 
had an appearence of a thin hexagonal-like plate 
and tinged red color. It was confirmed by Debye- 
Scherrer X-ray photographs that the crystal struc- 
ture of the compound was the CdCl, type. 

The magnetic susceptibility of the ‘compound ob- 
tained was measured at intervals from the liquid 
helium point to room temperature by using a mag- 
netic balance. The result is shown in Fig. 1. The 
temperature variation of the susceptibility shows 
antiferromagnetic behavior having a maximum 
susceptibility at a temperature close to 60°K. This 
temperature is considered to be the antiferromag- 
netic Néel point. The inverse susceptibility above 
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the Néel point is also plotted in Fig. 1. An asymp- 
totic Curie temperature 0, was estimated as —20°K 
from 1/X—T relation. Now, Kanamori>) suggested 
that the superexchange interaction in the c-plane 
of the hexagonal structure containing Ni2+ ions is 
ferromagnetic. Hence the superexchange interac- 
tion along the c-axis is antiferromagnetic, and is 
weak compared to the former, because the metal 
ions are separated by two layers of anions. On 
the other hand, for NiCl, Ty=52°K 6,=68.2°K> 
0°K. Consequently, the antiferromagnetic exchange 
interaction along the ¢-axis of NiBrye is stronger 
than that of FNiCl,. 
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Fig. 1. Susceptibility and inverse susceptibility 
vs. temperature curves. 


From the relation 1/x— 7’, we estimated the Curie 
constant Cy and the effective Bohr magneton num- 
ber por as 1.12 and 3.0ug respectively. The spin 
quantum number S is also obtained as 2.1/2 as- 


suming that the Landé factor is two. This value 
corresponds to S of the Ni2+ ion. 
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The absorption of a photon by free carriers can- 
not occur unless the free carriers gain the momen- 
tum by collisions with some lattice imperfection. 
The infrared absorption due to the interactions of 
electrons with lattice vibtrations of acoustic mode 
was treated first by Fan, Spizer and Collins!) bas- 
ing on the deformation potential model and there- 
after has been analyzed in more detail by many 
authors?):3), indicating that the absorption coefficient 
varies with the photon frequency as 

Axw—” , 


where 


Priczo=(P1, P, P3) , 


h 
P,=-ix (><——— 
ees ( 2pw(@, a)2 
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n=3/2 for ho >kT , n=2 for ln<kT. 
Recently the results measured by Thomas*) in ZnO 
crystals represent that the absorption coefficient 
shows a stronger frequency dependence. 

Here, we shall consider the absorption of an 
infrared photon by conduction electron in crystals 
with wurtzite structure through piezoelectric scat- 
tering. 

In ionic crystals with wurtzite structure, which 
show piezoelectric effects, the acoustic lattice vibra- 
tions can produce an electric polarization which 
scatters electrons. The polorization is 
(P- a) 


? (1) 
where q is the wave vector, the first and second 
terms represent respectively the piezoelectric pola- 
rization and the polarization induced by the macros- 
copic electric field, which is obtained from Maxwell 
equation or microscopic consideration of the lattice. 


Accordingly, Eq. (1) becomes 
P-q= (Ppiezo -g/1+4na= (1/es)(Ppiezo -@). 


Here Phiezo can be expressed as follows; 


P= Phiezo + aH= Ppiezo—4na qd; 


1/2 

) €15(€193 + €3q1)(betar —b*e—tar) , 
1/2 

) €15(€293 +€3q2)(be!I7— b*e— #47) , 


1/2 
) {€31(€191 +€2) +33€3Q3 }(be?2” — b*e— #97) , 


where g the density, 2 the volume of the crystal, e15, 31, 33 the piezoelectric constants, w(q, a) and 

e(qg, a) are the frequency and the unit polarization vector belonging to mode (q, a) of acoustic lattice 

vibrations, and 6 and b* denote the annihilation and production operators of a phonon, respectively. 
The interaction energy between an electron and the lattice vibrations 


An h 
as Soe Paya 


where 


1/2 
) a(q, «){b exp (igrer)-+b* exp (—tgrer)} , 


1 
a(q, x)= ge tens + €2G2Q3 + €3q1? + €3Q2”) + €31(€19193 + €2G2qs) + €33€3q3°} , 


: a 
from which the first- order phonon scattering matrix elements (Vs) are derived; 


(Vs) 


€3°20 o(q, @) 


a 8h {a(g,a)}® { n(q,a) 
\ nq, @)+1 for phonon emission . 


for phonon absorption 


Using these scattering matrix elements, we can calculate easily the absorption cross section in second- 


order Born approximation 


an 2re2ht 
o(w)= h Bye, em*1/2 


ho(q, a) Tw 
<i mee 


i 1 
EDV ay |Z Am Vl Vola X (— Pa {ky — ke) /kT 


where Av) means the thermal average on initial states ky of electrons, >} means the sum on final states 
Bh 


ky, and the summation on a indicates that the longitudinal and transverse lattice vibrations should be 
taken into account. The term of P=1 in the last summation has been introduced by taking account of 


stimulated emission. Here, for simplicity, we have considered that the conduction band is spherical. 
Inserting Eq. (4) into Eq. (5), 
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o(»)= av" 2 nile eres: 
3es2 ep f c-m*1/2 
8 e 
-+—— Bae ae y) 33 goes os 
105 wz? e15 i 15 +30 ant 7 +32 ; 


hw 
where 2 on? uz and wu, are the sound velocities 


belonging to each mode and Ki(z) is the modified 
Bessel function of order 1, which, has the following 
asymptotic forms 


1/2 3 15 
K ~(§) ¢ -( os es 
1(2) 22 Ae 12822 + for z>1, 
1 
Sioa fore z<1", 
Therefore, 
a(w)x T-w-5/2 for gS1, 
oe T1/2%)-2 for z<l1, 


For CdS crystals, >=1.4x 10-17 cm? at T=300°K and 
4=10n. This manitude is comparable with one 
derived by the deformation-potential model. Un- 
fortunately, we have no knowledge about physical 
constants for other crystals with wurtzite structure. 
Although we expect that the effect is more dominant 
in ZnO crystal the effects of electron scattering due 
to the optical-lattice vibrations may predominate?) 
there. The author would express his sincere 
thanks to Prof. Y. Suge for his encouragement. 
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Optical Properties of Irradiated LiF Crystals 
in the Extreme Ultraviolet Region 


By Riso KATO, Shin-ichi NAKASHIMA*, 
Kaizo NAKAMURA and Yoichi UCHIDA 


Department of Physics, Faculty of Science, 
Kyoto University 


(Received June 16, 1960) 


Optical absorptions of LiF single crystals irradi- 
ated with #- or y-rays were measured in the ex- 
treme ultraviolet and some relations to the results” 
hitherto obtained were found. 

A~ vacuum spectrophotometer of Seya-Namioka 
type with a concave grating of 1m radius and 
1200 line/mm constructed in our laboratory*) were 
used. The light source was a cold cathode hydro- 
gen discharge tube operated on DIG. ampere sar 
about 1mmHg. With these apparatus the useful 
spectral range reached down to about 900 A and 
measurements could be carried out within the band 
width of about 2A. Present studies were done on 
LiF crystals obtained from Prof. Pringsheim and 


* Now at Matsushita Electronics Co. 


from the Harshaw Chem. Co. They were found 
the purest among those available. 
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Fig. 1. Absorption spectra of LiF crystals irradi- 
ated with 0.9 MeV f-rays from a Van de Graaff 
machine or with ;-rays from Co® (measured at 
room temperature). 


As seen in Fig. 1, specimen 2 was found to 
have an absorption band at 11.1eV well separated 
from the fundamental band. The band seems to 
be proportional in height to F band. In specimens 
3 and 4, however, a composite shoulder was ob- 
served and seems to consist of at least two bands 
at 11.75 and 11.leV. The much longer wave- 
length components were seen faintly at about 10.7 
and 9.5eV. They became also appreciable in speci- 
men 2 when it was irradiated with F light. Their 
intensities depend sensitively on histories of sam- 
ple treatment and differ from crystal to crystal 
(Fig. 2). The width of each band at 5eV in 
Fig. 1 suggests that specimens 3 and 4 contain 
222 my and collid bands!) overlapping on F bands. 
It was found that when specimen 2 was bleached 
with F light the band at 11.1eV decreased and 
the absorption at 11.75eV increased as 222my 
band appeared (Fig. 2(a)). Thus the existence of 
222mp band is closely related to 11.75eV band. 
The behavior of 11.l1eV band reminds us of @ 
band?), but its separation from the lst exciton band 
exceeds leV and the appearance of 11.75eV and 
222 my bands accompanying the irradiation with F 
light made the analysis difficult. Further experi- 
ments are required to confirm the nature of 11.1 
eV band. With the assumption that the concen- 
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Fig. 2. Absorption spectra of irradiated LiF after bleaching with F light (measured at room tem- 


perature). 


tration of 11.1eV center is equal to F center, the 
oscillator strength of the band is estimated to be 
about 0.25. 

As seen in Fig. 2(a), a broad absorption from 6 
to 8.5eV (curve (i)) disappeared with F light irradi- 
ation and is considered tentatively as a V band. 
As for the nature of 222 my band, our knowledge 
has been meager. Now in this experiment it ap- 
peared strongly in specimen 3 (Fig. 2(b)). Having 
been quenched to room temperature immediately 
after ®-ray irradiation at 350°C, specimen 3 is 
likely to contain many defects. Then it is reason- 
able to consider that electrons released from F 
centers by the F light irradiation are trapped in 
some kind of the defects to form 222 my centers. 
In fact, in specimen 2 irradiated with #-rays at 
—70°C, the rate of change from F to 222 mp band 
is much smaller than in specimen 3 as seen in 
Fig. 2. Finer experiments and quantitative discus- 
sions will be reported in the near future. 
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Study of Solid-Solution Single Crystals 
Containing BaTiO; 


By Tunetaro SAKUDO 
Electrotechnical Laboratory, Nagatacho, Tokyo 
(Received September 3, 1960) 


Recently many investigations have been made 
about the single crystals of solid-solutions of the 
perovskite-type ferroelectrics. The present note 
reports several results obtained in the cases of 
BaTiO3-SrTiO3 and BaTiO 3-PbTiOs; 
single crystals. 

Crystals have been grown by modified Remeika’s 
method using KF as flux. Solid-solution ceramics 
of the pertinent composition were chosen as solute 
materials. Maximum soaking temperatures were 
varied according to the compositions of solute. 
The soaking temperature was raised in the case 
of (Ba-Sr) TiO; and was lowered in (Ba-Pb) TiOs, 
than in the case of BaTiOs. 

In the course of growing crystals it was observed 
that the butterfly-wing habit of pure BaTiO, disap- 
peared gradually and the crystal size became smal- 
ler with increasing mole-ratio of Sr and Pb to Ba, 
as reported earlier by Kisaka et al.1) Rather large 
square-plate crystals with {100} faces, as shown‘in 


solid-solution 


1960) 


Fig. 1, were used in dielectric measurements. This 
crystal habit was denoted by DeVries?) as untwin- 
ned [110] dendrite in the case of BaTiOs. 

Fig. 2 shows the plot of dielectric constant as 
function of temperature for (Ba-Pb) TiO; crystals. 
It is noticed from the figure that compositions of 
the grown crystals differ from those of the starting 
materials, as the Curie points of the crystals are 
different from those of the ceramics of the perti- 
nent compositions.3) Such phenomena were observ- 
ed also in the case of (Ba-Sr) TiO3. Compositions 
of the crystals were ascertained by the fluorescent 
X-ray analysis and the lattice-constant measurement. 
The relations between the compositions of solutes 
and grown crystals are shown in Fig. 3. These 
results are in disagreement with those of Kisaka 
et al. in (Ba-Sr) TiO3.1) 
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Fig. 2. Dielectric constant vs temperature for 
(Ba-Pb)TiOs. 
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Fig. 3. Relation between the compositions of 
solutes and grown crystals. 
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In the series of (Ba-Pb) TiO3, the spontaneous 
polarization and the coercive field were measured 
by observing the dielectric hysteresis loop. The 
birefringence was obtained by measuring the separa- 
tion of birefringence bands in Na monochromatic 
light. The results are listed in Table I. In the 
measured region, the spontaneous polarization and 
the coercive field are seen to 
linearly with Pb content. 


increase almost 


Fig. 4. Hysteresis loop of the crystal grown 
from (Bao sPbo 2) LiO3. 


Table I. Characteristics of (Ba-Pb) TiO; crystals. 
Mole % of PbTiO; 0 10.05 10.1 | 02 
in Solute 


| 
Mole % of PbTiO; 


in Crystal 0 0.04 0.078 0.18 
| —-— 
Curie temperature 125. 144 | 165 202 
CC) 
Spontaneous / » coul 93 97 | 28.5) 36 
polarization ( eine ) ; 
Coercive kV 10.9 | 1.7 14.8 11 
field ( em ) {Pears : : 
Birefringence 4” 0.053 0.050 0.048 
n 


Khodakof et al.4) have reported that the thermal 
treatment remarkably changed the dielectric pro- 
perties of the crystals of (Ba-Sr) TiO3, but such 
phenomena were not observed in our experiment. 

This work was supported by the Scientific Re- 
search Expenditure of the Ministry of Education. 
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On the Reversible Optical Conversion 
Between A- and B-centers in 
Colored KCl Crystals 


By Hiroshi OHKURA and Takeshi UCHIDA 
Department of Applied Physics, Osaka City 
University, Osaka, Japan 
(Received September 3, 1960) 


We have observed a new reversible process in 
the optical conversion between A-and B-centers. 
Optical absorption measurements were carried out 
at about —180°C. KCl crystals made by repeti- 
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on additively colored KCl of 1.80 mm thickness 
subject to subsequent irradiation with F-, A-, 
and B-light. The absorption measurements were 
made at about —180°C. Curve (a), unbleached; 
Curve (b), after ten minutes Flight bleaching 
at —180°C; Curve (c), after ten minutes F’-light 
bleaching at —20°C; Curve (d), after forty 
minutes A-light bleaching at —180°C; Curve 
(e), after one hour B-light bleaching at —180°C. 
The shaded area represents the wavelength 
region covered by the irradiating light during 
bleaching. 


tions of Kyropoulos’ method were colored additive- | 
ly in the atmosphere of a previously distilled 
sodium metal vapor. 

The results will be discussed (subsequently) with | 
the reference to a typical example for a specimen 
of 1.80 mm in thickness shown in Fig. 1. Curve | 
(a), Fig. 1, shows the optical absorption spectrum 
of the additively colored crystal of KCl exhibiting ' 
only F-centers. Curve (b), shown as the dashed 
curve, is the saturated absorption curve after ten 
minutes F-light (5300 A) bleaching at —180°C. | 
Before carrying out next procedures, the F” band | 
in curve (b) was reverted to the F band by warm- | 
ing the crystal to room temperature. Curve (c), 
obtained after ten minutes F-light bleaching at | 
—20°C, shows the F’ band bleach together with the 
simultaneous increase of the A and B bands. These | 
bands are illustrated as the dashed curves on the 
same graph, which are obtained by substracting 
appropriately the # band absorption (the dashed 
curve) from the curve (c). In addition to these 
bands, there is a slight increase of absorption at — 
the high frequency side of the B band, a part of 
which is overlapped on it. 

The crystal is now subjected to A-light (6000 A) | 
bleaching at —180°C. Curve (d), obtained after | 
forty minutes A-light bleaching, is compared with | 
the curve (a), shown as the dotted curve on the 
Same graph. It shows the bleaching of A-centers | 
together with the simultaneous increase of B- | 
centers, without the appreciable change of both. 


ff, 1960) 


F- and F’- bands. These bands are illustrated 
by the dashed curves on the same graph. The 
crystal is then subjected to B-light (5100 A) bleach- 
ing at —180°C, the result is shown in curve (e), 
in which each band is illustrated by the dashed 
curve. We now find that the A band recovers at 
the expense of the B band during B-light irradia- 
tion. 

The occurrence of this conversion between A 
and B band depends on the temperature. For in- 
stance, no change was observed when above men- 
tioned optical excitations were carried out at 
—200°C. 

We wish to thank Professor H. Kawamura and 
Mr. M. Tomura for their advice and encourage- 
ment in the course of this work. 

This work was supported by the Scientific Re- 
search Found of the Ministry of Education. 
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Anomalous Paramagnetic Resonance in 
Ni(NH:;);Cl. 


By Muneyuki DATE 


Department of Physics, Faculty of Science, 
Osaka University, Osaka 


(Received August 6, 1960) 


An anomalous paramagnetic resonance was ob- 
served in the single crystal of Ni(NH3)Cl, below 
the liquid nitrogen temperature. This ammine 
complex of nickel has a cubic crystalline structure 
in which each nickel ion is surrounded by six NH; 
groups forming a regular octahedron’). Isotropic 
paramagnetic resonance absorption was observed 
above the liquid nitrogen temperature with g=2.16. 
The observed line width was 150 oersted, which is 
independent of the orientation of the crystal within 


fig. N2 temp. 


Arbitrary unit 


73 74 75 76 77K 
Temperature 
Fig. 1. Temperature dependence of absorption 
intensities at 36.17kMc/sec. magnetic field is 


along the {100} direction. 
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experimental errors. Accordingly, it may be con- 
cluded that the crystalline electric field acting on 
each nickel ion is perfectly cubic and that there- 
fore there is no splitting in the lowest spin triplet. 

Below 76°K, however, the resonance line vanishes 
suddenly, the variation of the relative intensity 
being shown in Fig. 1. This vanishing is inde- 
pendent of the orientation of the crystal and no 
line broadening of the paramagnetic resonance, 
which is usually observed above the antiferromag- 
netic transition temperature, is observed near the 
transition temperature in the present case. 

The observed transition may be due to the 
quenching of the free rotations of the NH; groups 
below 76°K. Hindered rotation of ammonia or am- 
monium radicals in solid is frequently observed in 
various compounds. In our case, the quenching of 
the rotational motion of the NH; groups will pro- 
duce a crystalline electric field of a lower sym- 
metry acting upon each nickel ion and this field 
will induce an initial splitting of the ground state 
spin triplet. Then the resonance point will shift 
largely from that which corresponds to g=2.16, 
and thus one will observe the vanishing of the 
normal resonance below the transition point. Al- 
though there is a possibility of observing the spin 
resonance of the distorted crystal below the tran- 
sition temperature if the distortion of the unit 
octahedron were regular in space, and the magni- 
tude of distortion were not extremely large, there 
was no resonance absorption below 74°K at 36 
kMc/sec up to 10 kilo oersted. 

The vanishing of the paramagnetic resonance 
does not seem to occur from magnetic origin. By 
susceptibility measurements Kido and Watanabe?) 
have shown that there is no remarkable change 
near the liquid nitrogen temperature. Recently, 
however, Watanabe?) observed the temperature de- 
pendence of the g-value by careful susceptibility 
measurements and showed that g=2.18+0.03 at 
room temperature and g=2.21+0.03 near the liquid 
hydrogen temperature. These data are consistent 
with ours, so far as we assume the variation of 
the g-value to be due to a slight deformation of 
the unit octahedron below 76°K. Proton resonance 
experiment performed by Kim and Sugawara?) 
showed that the line disappeared below 1.6°K, 
which may be due to the antiferromagnetic tran- 
sition and may have no relation to our observation. 
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Absorption Spectra of Potassium Bromide- 
Thallium Phosphors 


By Tokumichi TAMAI 


Research Laboratory, Matsushita Electronics 
Corporation, Takatsuki, Osaka 


(Received September 10, 1960) 


The absorption spectra of potassium bromide- 
thallium phosphors have been studied at both 
liquid nitrogen and room temperatures. Single 
crystals were prepared by dissolving a small quan- 
tity of thallous bromide in a melt of potassium 
bromide and growing up by the well-known Kyro- 
poulos method in this laboratory. Concentrations 
of thallous ions are 0.001, 0.01, and 0.1 mol% in 
the melt. An automatic recording spectrophoto- 
meter was used to measure the absorption spectra 
of these crystals. Although a considerable amount 
of information can be found in the literatures con- 
cerning the properties of the potassium bromide- 
thallium phosphors,!~” yet absorption band in the 
region of 210 mp have not been clearly resolved. 


Table I. 


Short Notes 


(Vol. 15, 


Muuss’) has reported the bands at 4.76, 5.57, 5.81, 
and 6.12eV at room temperature, and the last 
three bands have been only partly resolved. In 
the present experiment three bands at 4.79, 5.60, 
and 5.92eV have been clearly resolved at liquid 
nitrogen temperature, but the band at 6.12 eV was 
not observed at both liquid nitrogen and room 
temperatures. Fig. 1 shows typical absorption 


curves, 
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Fig. 1. Typical absorption spectra of the potas- 


sium bromide-thallium phosphor, solid line was 
taken at liquid nitrogen temperature and dotted 
line taken at room temperature. 


The absorption peaks and the half-widths of various bands at both liquid nitrogen 


and room temperatures, and the values of the oscillator strengths of A, B and C 


bands, taking the value of the oscillator strength of C band as unity. 


| | B c 
Room Temperature 4.76 (eV) 5.56 (eV) 5.90 (eV) 
Absorption peaks Li pea - aes ——$—— 
quid Nitrogen 
Temperature 4.79 (eV) 5.60 (eV) 5.92 (eV) 
Room Temperature 0.17 (eV) not clear 0.265 (eV) 
Half-width aes a — : ee 
Liquid Nitrogen 
Denperatare 0.096 (eV) 0.088 (eV) 0.19 (eV) 
Oscillator strength of the nbenepacn ; pry FESO TS 
transitions at liquid nitrogen tempera- 0.155 ~0.014 1 
ture, taking that of C band as unity 


The absorption bands at 4.79 and 5.92 eV cor- 
respond to A and C bands as denoted by Seitz) 
respectively. The band at 5.60 eV should be as- 
siged to B band because height of the absorption 
band varies linearly with the concentration of 
thallous ion and the ratio of the oscillator strength 
of this B band to that of A or C band is nearly 
equal to the corresponding ratio in the case of the 
bands in potassium iodide-thallium phospors.9.10) 
The absorption peaks and the half widths are 
summarized in Table I. 

The half-widths of A and C bands are narrower 
than the values reported by Lorentz,2) and that of 
A is equal to Muuss’ value.?) As seen in Fig. 1, 
the half-width of C band is wider than those of A 


and B bands, and the shape of C band is clearly 
asymmetric. Thus it is likely to consisted of at 
least two bands, and it will be suggested that 1p, 
level is probably perturbed by the crystalline field 
which is not a cubic symmetry, and separated by 
three levels.!°) Further discussion with detailed 
measurements will be reported later on. 

The author would like to express his gratitude 
to Prof. Y. Uchida for his guidance and discussions 
on the work. 
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N Bands in Alkali Halide Crystals 


By Sadao HATTORI 


Department of Natural Science, Nagoya Branch, 
Archi Gakuget University, Nagoya 
(Received September 10, 1960) 


The N bands of some alkali halide crystals were 
investigated. The samples, cleaved out of the 
single crystals grown from the melts of KCl, 
NaCl, KBr, KI and LiF were colored at room tem- 
perature with the irradiation of X rays from a 
tungsten target through a_ beryllium window, 
operated at about 50 kv and 15ma. The colored 
samples were bleached with their respective F 
light at room temperature to develop the N, and 
Nz bands, except for LiF for which the whole 
light from a low pressure Hg lamp was used and 
furthermore at about 100° to 150°C to develop the 
-N bands in reasonable times. 
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Fig. 1. The relation between the wavelengths of 
absorption peaks of Ni, No and M bands and 
the ionic distances of various salts, measured 
at —170°C. 
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The N; and N; bands thus obtained, as well as 
the M bands of these salts were shown in Fig. 1 
satisfying well Ivey’s relation.1) The N bands, ex- 
cept for the N; bands of KBr and KI, were ob- 
tained earlier?) and the results obtained here were 
in good agreement with them. The Np» bands of 
KBr and KI were so slight that it was uncertain 
that they were in fact the N, bands, but these 
bands, as shown in the figure satisfied comparative- 
ly well Ivey’s relation together with the N. bands 
of the other salts investigated here. 

The N; and N; bands were investigated in more 
details with NaCl, for which the two bands were 
well separated even at room temperature, with the 
following results: 

1) The N2 band was destroyed while the N, 
band was enhanced with the irradiation of the M 
band light at room temperature. This is shown in 
Fig. 2. (Similar results were also obtained with 
KCl.) However, the rate of the destruction of the 
former band was much larger than that of the en- 
hancement of the latter band. 

2) When the crystal was irradiated with the M 
band light after the X ray coloring, only the N, 
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Fig. 2. The N, and Nz bands of the X ray co- 
lored NaCl and KCl crystals irradiated, (a) with 
the F band light and (b) with the M band light 
at room temperature, after the irradiation with 
the F band light. 
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band was enhanced. 

3) Only the N; band was enhanced appreciably 
in the X ray colored crystal which was kept at 
about 30°C during 20 hours in the dark. At higher 
temperatures, e.g. at 98°C, both bands were en- 
banced but the rate of growth in this thermochemi- 
cal reaction was much larger for the Ne band than 
for the N, band. After reaching their maxima, 
they decayed gradually (Fig. 3). 

These results seem to indicate that the N; and 
N, bands are rather due to different centers. 
Further details of the nature of these two bands 
are now under investigation. 

The author wishes to express his thanks to Pro- 
fessor Y. Uchida of Kyoto University for his kind 
interests and encouragement. 
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A Correction to my Paper “The Dipole 
Moment and End-to-end Length of 
the Isotactic Vinyl Polymer, I.” 


By Tsugio MORI 
Otsu Senior High School, Otsu, 
Shiga-ken, Japan 
(Received September 13, 1960) 


In the two papers published under the title “The 
Dipole Moment and End-to-end Length of the Iso- 
tactic Vinyl Polymer, I!) and II2)”, the author 
maintained that we should replace the expression 


1S Xs 
a5 Stet 
n oe i) 
by 
{1+g(m)}A—-X)-!. 1(23) 


This replacement was needed in order to compare 
the calculated values of <y2> and <R2> with their 
experimental values, although we did not know 
whether lim(X”/n) was O or infinity. But, after 
the publication of the texts I and II, the author 
found a way of the verification of the formula 


+ Saal 
lim —X”=0. 
n 


N—0o 


1(22) 


Notes (Vol. 15, 


Therefore, the statements in p.1485 of this volume, 
running from Eq. (22) to Eq. (24), must be corrected 
as the following. 
“ However, the verification of the formula 
lim 1 xno 


(22) 
nao N 
is not simple, for X is not orthogonal. Some authors 
have neglected the verification of (22), and put (22) 
as the assumption. On the other hand, there was 
another group of authors who have stated that they 
were interested only in the case of (22). The dif- 
ference between their standpoints was small, and 


many authors have reduced (20) to 


Tet x dies exe 

Nn i<j 
However, it is remarked that the above reduction 
brings lim(>{ >). XJ-#-!/n) into a quantity which is 
independent of n. In other words, the formula (19) 
reduces into 


<u?>=(const.) Mp0? , 
which corresponds to the random coil, or the un- 
perturbed (Gaussian) coil in general. If we wish 
to treat an interrupted configuration which is nei- 
ther the Gaussian coil nor the crystalline configura- 
tion, a jump of thought is needed. In this paper, 
we use the replacement 


Lists x1 Sf pon xy 


23 
Nn t<j ( ) 


where g(m) is a function of n. The replacement (23) 
may be unaccountable so far as we stick to (22). 
However, it must be rather significant that we can 
make a progress from the Gaussian coil by the use 
of (23). If limg(m) is a constant which is in- 
dependent of n, we have the Gaussian coil. In this 
way, we can write 


: =co (for most chain configurations) )” 
lim g(n) : : 
N00 = a const. (for the Gaussian coil) 

(24) 

The verification of 

: 1 
Ibhany == >. C= () (22) 
n-o N 


may be treated in the next paper under the title 
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The NMR spectra of acrylic acid and ethyl acryl- 


ate were measured at 56.4Mc and analyzed by the 
method proposed by McConnell, McLean and Reilly!) 
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with the aid of parametron digital computer PC-1 
at the University of Tokyo. The spectrum of 
acrylic acid is very complicated as shown in Fig. 1. 
The values of chemical shifts and spin-spin coupl- 
ing constants are shown in Table I as well as those 
for ethylenic protons obtained in the literature?). 
The values in Table I were obtained by means of 
the least squares method, which made the analysis 


OBSERVED 
SPECTRUM 
CALCULATED 
SPECTRUM 
H 10 cps 


Fig. 1. The observed and calculated spectra of 
acrylic acid. 


Table I. Values of chemical shifts and spin-spin coupling constants of 
acrylic acid and ethyl acrylate. 
aie Yo Cnt | Ghemcarchit | Spin-spin pene constants 
hie te Hy R | (cps) Jtrans Jeis Jgem 
Acrylic acid (R: COOH) vy—vp=30.8 13.4 8.3 5 
Yo—Vp=12.5 
Ethyl acrylate (R: COOC,Hs) Ye—Vor=43 7 16.4 7.8 —0.2 
Yy—Va=36.3 | 
17~18 8~11 1~2 


Normal ethylenic group?) | 


the details of the 
As we ex- 


of the spectrum very easy; 
analysis will be published elsewhere?). 


| amine the results of Table I, we notice that the 


spin-spin coupling constant between gem protons 
of acrylic acid is considerably larger than those 
of ester and of normal ethylene groups. This may 
be interpreted in terms of decreasing HCH angle?) 
of this acid. 

It is pleasure for us to thank Mr. Ichiro Yama- 
guchi and Mr. Naohiro Hayakawa of the Japan 
Atomic Energy Research Institute who gave us the 
‘opportunity to make measurements by the NMR 
spectrometer, Varian V-4300C, in their laboratory. 
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On the Resistance Anomaly of Dilute Zinc 
Alloys at Low Temperatures 
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In the previous note!), we reported that the dilute 
alloys of zinc with manganese show a minimum in 
the electrical resistance-temperature curves and 
the decrease of the electrical resistance in the 
magnetic field. It was planned to obtain further 
information by extending the study on the electrical 
properties of the dilute alloys. As zinc used previ- 
ously was not good in purity, high purity zinc 
(99.999%) was adopted as the solvent metal and 
melted with small amounts of manganese, chromium 
and tin, respectively. The method of preparation 
of the specimens was the same as described in the 
previous note. Then the specimens were placed 
in a furnace heated at 350°C and rapidly quenched 
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into water. Judging from the equilibrium diagrams, 
all specimens are considered to be within the 
solubility range. In these specimens, no important 
impurity could be detected. 

Fig. 1 shows that the electrical resistance of 
Zn-Mn alloys increases with decreasing tempera- 
ture. We believe that Zn-Mn alloys show a re- 


10 ~2-cm 


ZnMn(O.l2at%) + 
"6 


Specific Resistance 


ZnMn (0.Olat.%) 


Specific Resistance 


0 | 2 S) 4 5 
Temperature (°K) 
Fig. 1. Specific resistance versus temperature of 


zinc alloyed with manganese. 
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=% 
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Fig. 2. Specific resistance versus temperature of 
zinc alloyed with chromium. 


10 22-cm 


Specific Resistance 


Temperature 


Fig. 3. Specific resistance versus temperature of 
zinc alloyed with tin, 
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sistance minimum above 4.2°K. It is also noted 
that for the case of the most concentrated Zn-Mn 
(0.12 at. %) alloy prepared the rate of increase of 
the electrical resistance decreases with decreasing 
temperature. Thus, it may be expected that a 
resistance maximum will appear at an extremely 
low temperature. In Fig. 2, it is seen that the 
electrical resistance of dilute Zn-Cr alloys also 
increases with decreasing temperature. Zn-Cr al- 
loys have also a resistance minimum above 4.2°K. 
Fig. 3 shows the electrical resistance of a Zn-Sn 
alloy revealing no anomalous behaviour. The ab- 
solute value of electrical resistance of this speci- 
men is much smaller than that of Zn-Mn and Zn- 
Cr alloys. 

Judging from the above experimental results, 
the electrical resistance of zinc alloy containing a | 
non-transition metal shows no anomaly, while the 
zinc alloys containing transition metals have a 
resistance minimum. Recently, Hedgcock, Muir 
and Wailingford2) obtained the similar results on 
magnesium alloys. On the other hand, Pearson, 
Rimek and Templeton?).4) observed that the elec- 
trical resistances of both poly- and single crystal 
of Cu-Fe alloy show a minimum, and the electrical 
resistance of polycrystalline Cu-Sn alloy shows a 
minimum while that of single crystal shows no 
anomalous behaviour. In view of these results, it | 
seems that the electronic properties of the dilute 
alloys containing transition metals show the anomal- | 
ous behaviour probably due to the exchange inter- 
action between the conduction electrons and the 
magnetic ions, while the electronic properties of 
the dilute alloys containing non-transition metals | 
are to be explained by spin-independent scattering ' 
mechanisms. 

The author wishes to express his sincere thanks 
to Prof. T. Fukuroi, Assist. Prof. Y. Shibuya and 


Assist. Prof. S. Tanuma for their kindness and _ 
stimulating discussions concerning the present 
work. 
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Infrared Absorption of Free Carriers in 
Ionic Crystals 


By Toshio TANAKA 


_ Department of Applied Physics, University of 
Tokyo, Tokyo, Japan 


(Received Sep. 6, 1960) 


In the previous short note!) we estimated the 
infrared photon absorption cross. section through 
piezoelectric scattering of free carriers, whereby 
we pointed out that the appreciable effect on the 
infrared absorption of the interactions between elec- 
/ trons and the lattice vibrations of the longitudinal 
optical mode in crystals such as ZnO, CdS etc. 
» might be expected. Here we shall estimate the 
' magnitude and the photon frequency dependence 
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of the infrared absorption of free carriers in ionic 
crystals. 

The electronic polarization produced by the optical 
lattice vibrations has a strong interaction with 
electrons. The interaction Hamiltonian?) is 


Aint= di{ Vabge’t + Vo*bg*e-ia} 
q 
where 
Va=4ril h/27m,V- 1a, 7=Sw12/4n(1/e2—1/es) . 

Here , is the frequency of the longitudinal optical 
mode of the lattice vibration, e. and es are the 
high-frequency-and the static-dielectric constants 
respectively, and bg and 6,* are phonon destruction 
and creation operators. Due to the interactions 
electrons can gain the momentum from the phonons 
and, therefore, can absorb photons. The absorp- 


tion cross section is calculated in Born approxi- 
mation? ; 


al fiw) * | A & (me 3 (- 1)?6(E (ky) — E (ko) — hn, — ( 1)?he ) 


42 ethiwy it 
ow)= 5 = 3° Wea-C- Vem* lee 
+ (tat 1) a1 1)°6(E (ky) — E' (ko) + hw, —(—1)Phw)) 
8Y 2V¥ x grolkr ie 
a 3 "Wea °C: eet a) he) i 


im —221 
| mare Kila) + (m+ 1)ece?2 K1(22) — (n+ re +21 +21671K1(21)) —n22e- Kia) | 


x 


| mare Kile) + ae Da +23 + 23673 K1(z3)) — nz3e73.K1(z3) — 


Absorption Cross Section 
due to the optical Lattice 


Vibration-Interaction with 
Electrons {in ZnO) 


5.5 


¢ at T=450°K 


5.0 o at T= 78°K 


cross section in arbitrary unit 


45 


absorption 


4.0 


a a 
14 16 20 


oy Ta we Ie) lon l2 
photon wave-length in pw 
Bicwels 


In the above equation the terms of p=1 have been 
introduced by taking account of the stimulated emis- 
sion of photon. Ki(z) is the modified Bessel func- 


for w >) 


5 (nt 11+ a teeKi(a) | for w<, 


tion of order 1; and 2=A(w+w,)/2kT, w= 
A(w—w7)/2kT and z3=h(w,—w)/2kT; and n is the 
mean phonon number. 

Let us attempt to apply the equation to the case 
of ZnO crystal. Using the following values, m*= 
0.06m, ¢0=4, €s=8.15 and htw,;=0.0733 ev, we find 
that io =1°7x<105'5 cm?) at 2=104 jand T=300°K: 
This magnitude is comparable with the experi- 
mental value o=1.2x10-15cm?4), The dependence 
of the absorption cross section on the photon wave- 
length is shown in Fig. 1 for rw>1. 

The 23-dependence in short wavelength region 
measured‘) in ZnO crystals seems not to be ex- 
plained. 

The author wishes to express his sincere thanks 
to Prof. Y. Suge for his encouragement. 
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On the three dimensional charge space, we can 
write a Hamiltonian of the weak interaction as 
an invariant!)-3), while the formulation on the 
usual isospin space enforces us to give a spinor 
Hamiltonian for that. For the strong interaction, 
however, the three dimensional representation leads 
us to violation of strangeness. As a trial case, let 
us forget strangeness‘)—5) and find a new quantum 
number which takes place of strangeness. 

We shall introduce a two component spinor Vy, 
and define 2X2 matrices, «,, in this « space. 


1 .=( A) pi=(E-+p)lV 2, pe=(F-—p)lv¥ 21, 
Ae 
psa=(—niv 2, po=(2+n)/V¥ 2 


G=C-+2+)/¥ 2, g=(2-—2 4/7 24, 
Qa= 5°, g=A 
(1) 
0 1 pet eis Lino 
H=( a n=(; 0 i r=(, oe! ro=(5 a 
(2) 


We consider a new charge Q,=(1+«3)/2, which is 1 
for p and 0 for g. According to the principle®) of 
interchange-ability of particles which is an exten- 
sion of symmetric meson theory, we assume a 
strong interaction between p and gq through four 


groups of mesons, ®1, ®%, ®- and MR’. 
Pt > QtK+ , Go>p++K_ , (3) 
p+—>p+ +R p(X’) , GoGo + Ko(Ro’) 5 (4) 


Each group is assumed to be composed of four 
members in the states of Q,=N3;=1, 0, —1 (triplet) 
and 0 (singlet) in the three dimensional charge 
space, which we shall call N-space. 


Ibe DIK gl Li°+ K+ 
= as — = 
R+ (x ? VY 2 ? ? =f OS ) 
a a(n, EG Ky Ketet oY 
SE Ng ae 
® =(D+, DY, D-, D*”)) 
(6) 


Ro! = (Gere 


Tey iva TCO) j 


Here the upper suffices are electric charge, and 
the lower suffices «-charge. Thus we can write 
down an interaction Hamiltonian of the strong 
interaction among baryons through mesons, &4, 
&_, (x-charge exchange terms) and &, 8° (k- 
charge neutral terms). We assume that H is of r- 
charge independence which follows; 
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H=a¥ ier Or5bnj + b¥ on .Or5¥ 5+ cD 5D 10 5 
+d je. Orji¥0 +N or Drobo talt [ixoDos'V x) 
4B/V oro D035 +6! jx Doo 5 +d’ jo Doj¥0 
telF oxo Doo o+h.c. 


i, heat, PST PAotsaNaS 
o L-+Kt+ L-—kK+t+ £4°-—kK,° Re 
saa“ e ae ye 
D-+D+ D-—D+ P » ), 
Dou. =f wo ? VY 2 ’ D ? 
4 (Bagh Kicks LAK Datel 
oi i 1? aw Va Vi bas : 
; no tnt rm — rt Pats 
inte ue aia ae 
yd, os 40M 


Here a, b, c, d, e anda’, b’, c’, d’, e’ are coupling 


constants. If we assume further 
ai=b=c=d=e=g, —a't=b!=c!=d'=e'=g', (8) 
we get using the matrix representation”) 
‘is oe py Oey ADRS DN aaa 
He,=9[ Om 55-" om xe) 
+E 3" ee oi oh) 
2a — ZO. La 
K+ 
+@m(¢ A ol 
L° 
50F 
ELA YE Yenc, 
a3 = PAP ADPIIN AGL 
Hg =a[(K+K 5%. _ 50 )oe4) 
moe so YaSt\/ Fo 
+OLY 3 5- ee 
A 0 
+ Ko 
HaReK(t 1)(2 ) 
—— (A 0\/ £0 
+(L°L-)(¢ mal ae ) [the (10) 


Hg=glv2 [oan 2 pi, vz: _ ) 


"oe AEDS 2) 


0px ) 


Ls fim & 0 
Box 
ai (5 | Pe), 


-(Ex2-D+E-DA+AD-2) | 


+(HE-)/ 


+(pr)(, 


+g] 2 [(PP+2-3-+nn+ 2930) 


—(S+E+43-3-4+5°F4+ 4 A)|D’ thc. , 
(11) 
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Errata 


(Note by the Editor) The following tables should be inserted into the paper 
Emission of *Li, °Li and *B Fragments from Stars Produced 
by 4.3 GeV z~-Mesons in Nuclear Emulsion 


By Kuni IMAEDA, Mitsuko KAZUNO and Nobuo ITO 
J. Phys. Soc. Japan 15 (1960) 1753 


Table II. Number of d-rays in the track of No. 10. 


No. of d-rays | Total number of d-rays 
Range (um) ; ; =2 grains 
=3 grains =2 grains 
OQ- 67 | 0 | 3 

67-135 | 1 | 6 | 

135-202 | 1 | 17 | 26 
202-270 8 18 44 
270-337 8 | 20 | 64 
337-404 19 | 22 86 
404-451 29 16 102 


Table III. Number of 6-rays (=2 grains) in hammer tracks of the range exceeds 200 pm. 


Track Butaber | manee on tan in dip dangle) | No. tat or rays wee: Gane 

3 227 0.17 

124 239 0.28 | 5 

19 359 0.82 

112 390 0.84 | 20 

57 420 0.01 20 

27 438 0.85 26 

10 | 451 1.10 | 102 
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Excitation Functions for Alpha-particle Reactions on Fe® and Fe” 
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Excitation functions for the (a, pn), (a, p2n), (a, 3n) and (a, apn) 
reactions on Fe*¢ and the (a, ap) reaction on Fe’? were measured by the 
activation method using a stacked-foil technique, the alpha-particle 
energies ranging from 17 to 40 MeV. The measured excitation functions 
for the alpha-particle reactions on Fe%* (present work) were compared 
with those for the proton reactions on Co%? (Sharp et al.); the compound 
nucleus Nis? being the same for two cases. The comparison gives a 
test of the validity of compound nucleus theory. The ratios of corres- 
ponding cross sections seem to agree well with the theory (except in the 
case of resulting Co5”). However, it may be seen that the two curves 
corresponding to the same residual nucleus in each case do not entirly 


coincide in energy. 


Introduction 


§1. 

Ghoshal tested the applicability of Bohr’s” 
compound nucleus hypothesis of nuclear 
reaction to the medium-energy region”. Ac- 
cording to Bohr’s hypothesis, we may write 
o(a, b)/a(a, b’)=a(a’, b)/a(a’, b’) provided that the 
excitation energy of the compound nucleus is 
the same. In Ghoshal’s experiment, the 


| compound nucleus, Zn*‘, was formed both by 


proton bombardment of Cu®? and by alpha- 
particle bombardment of Ni®®. The relation 


o(p, n):o( p, 2n):o(p, pn) 
=a(a, n):o(a, 2n):0(a, pn) 

was observed to hold when 7 MeV was added 
to the proton energy to match the excitation 
energy of the compound nucleus. The validi- 
ty of Bohr’s hypothesis was also confirmed to 
the reactions in heavy elements by John.” 
He compared the excitation functions for 
Pb?°*(a, xn) with those for Bi?°(p, «m), where 
x=2, 3 or 4. The cross sections of the alpha- 
particle and proton reactions were in good 
agreement with each other provided that the 
proton energy was shifted by adding 11.9 MeV. 

It has been pointed out, however, by East- 
man, Isenor, Bainbridge and Duckworth* and 


‘ * Engineering Research Institute, Kyoto Uni- 
versity, Kyoto. 
** Department of Chemistry, Faculty of Science, 


Tohoku University, Sendai. 
*** Japan Atomic Energy Research Institute, 


Tokai-Mura, Ibaragi. 


also by John® that the energy shift required 
to fit the experiment to the compound nucleus 
theory is not exactly equal to the value derived 
from mass measurement. This discrepancy 
might throw some doubt on the validity of 
the compound nucleus theory. 

The present experiment has been undertaken 
in order to give a further test of the above 
considerations. The excitation functions 
measured here for the (a, pm), (a, p2n), (a, 
3”) and (a, apn) reactions on Fe®* are com- 
pared with those for the corresponding proton 
reactions on Co*® measured by Sharp, Diamond 
and Wilkinson.® 

This experiment is also a part of the pre- 
sent authors’ systematic study in which the 
cross sections of the alpha-particle reactions 
on medium-weight nuclei at intermediate 
energies are investigated. The (a, ap) reac- 
tion on Fe*’ is also reported here. 


§2. Experimental 


The bombardments were performed with 
the external alpha-particle beam from the 
160cm INSJ variable energy cyclotron by 
means of a “stacked-foil” technique. The 
beam was collected in a Faraday cup and the 
total charge of the beam was measured by a 
current integrator. A more detailed descrip- 
tion of the bombarding system is given in 
the previous reports.*-” In different experi- 
ments, the initial alpha-particle energies were 
40.2, 32.1 and 32.0MeV, and certain energy 
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region was overlapped in different runs. 
The energy dependence of cross sections 
was measured by using the _ stacked-foil 
technique in which target foils were inter- 
spaced with aluminum absorbers. The value 
of the energy loss of alpha-particles in 
aluminum absorber was taken from the works 
of Bichsel, Mosley and Aron,® Burkig and 
MacKenzie,” and Sternheimer,'” whereas that 
in iron target was calculated from the stopp- 
ing power formula of Bethe etal. using the 
estimated mean excitation potential (J=13 Z 
and Z=26). 

The targets consisted of natural-iron foils 
(7.7+0.1 mg/cm?) whose purity was approxi- 
mately 99.8%. 

After the bombardment, the target foil was 
dissolved in acid and nickel, manganese, 
cobalt and iron were chemically separated by 
means of an anion exchange resin. 

The disintegration rates of the samples 
were determined with a calibrated GM coun- 
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Fig. 1. Excitation functions for the aplha-particle 
reactions on Fes, 
@ Fe (a, pn)Coi8 
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A Fe®*(a, p2n)Cos? 
O Fe%6(a, apn)Mn*4 
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ter, a 4z8-counter and an (1—3/4in. dia. x2 | 
in. high, 1—1/2in. dia.xlin. high and well | 


type) Nal scintillation counter. The counting 
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procedure is given in detail in the Appendix. 


§3. Results and Discussion 

The absolute cross sections are plotted as 
a function of alpha-particle energy in Fig. 1, 
which also includes the energy spread in 
target foil and the estimated error of the 
magnitude of cross section for some ex- 
perimental points. 
the Fe®*(a, 32)Ni*’ cross section were not cal- 
culated below 29MeV because of the inter- 
ference of the Fe*4(a, p)Co®” and the Fe*‘(a, 
n)Ni>*’ reaction, respectively. 


The Fe*(a@, p2n)Co*’ and 


The interference above 29 MeV is estimated © 


from the data of Fe*') and included as a 
source of error in the vertical line in Fig. 1. 
The comparison between the alpha-particle 
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reactions on Fe and the proton reactions on 
Co%9, 


@ Fe(a, pn)Coss A Fe58(a, p2n)Co%? 
& Fea, 3n)Nis? ©. Fea, apn)Mns4 
Solid line represents the excitation function for 


each corresponding proton reaction on Co? 
(Sharp et al.) 


1960) 


‘| reactions on Fe** and the proton reactions on 
_-Co*® is illustrated in Fig. 2. The compound 
‘f nucleus produced in both cases is Ni®. Ac- 
cording to the compound nucleus theory, the 
relative yields of these reactions should be 
‘| the same regardless of target provided that 
‘| the excitation energy of the compound nucleus 
Y is the same. The excitation energy of the 
compound nucleus is Bs+56/60 Ez for the 
‘| -alpha-particle reactions; or, By,+59/60 E, for 
the proton reactions. Where Bs and B, re- 
present the binding energies of an alpha- 
particle to Ni® and of a proton to Ni®, 
respectively; Ha and £, are the kinetic ener- 
gies of an alpha-particle and of a proton 
in the laboratory system. The quantities Ba 
and B, are deduced from the mass values 
which have recently been measured with high 
precision by Quisenberry, Scolman and Nier’’; 
Bu=6.31 MeV and B,=—9.54 MeV. 
It will be seen in Fig. 2 that the two curves 
corresponding to the same residual nucleus in 
each case do not entirely coincide in energy. 
The difference is about 2 MeV and is in the 
opposite direction to what appears in both 
‘Ghoshal’s and John’s experiments. The un- 
certainty in energy may come from the un- 
certainties in the bombarding energies. The 
alpha-particle energy is estimated to be ac- 
curate to +0.5MeV at 20MeV; taking into 
account the uncertainties of incident energy, 
target thickness and estimated value of en- 
ergy loss. The present authors have experi- 
“enced good agreement in series of bombard- 
ments. The precision of the alpha-particle 
energy at 20MeV is estimated to be +0.3 
MeV. The proton bombardment was perform- 
-.ed by Sharp, Diamond and Wilkinson® with 
the internal scattered beam of the Harvard 
University 95 in. synchrocyclotron. The 

available initial proton energies were 73.5 and 
- 100.3MeV, and it was estimated that the 
energy at the front of the target stack was 
accurate to +0.6MeV. The bombardments 
were also made by them with the 32 MeV 
‘proton linac at Berkeley to get good resolu- 
‘tion in the low-energy portions of Ni’ and 
Co®® excitation functions, and the energy of 
the incident protons was known to -£0.2MeV. 


Hence the uncertainty in energy may amount 
1MeV at Eexc=25MeV in their experiment 
and ours. On the other hand, it might be 
thought that the errors in absolute cross sec- 
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tions also reduce the discrepancy in energy. 
These two uncertainties are not altogether 
impossible to eliminate the discrepancy in 
energy at all. However, it is more likely to 
see that there is a discrepancy in energy in 
this comparison. More accurate experiments 
are required to see exactly whether the dis- 
crepancy is significant. 

When the proton curve in Fig. 2 is made 
to shift by subtracting about 2 MeV, the two 
curves corresponding to the same residual 
nucleus in each case seem to match quite well 
(except in the case of producing Co%”) both in 
the shape of excitation function and in the 
magnitude of cross section. The difference 
between the value of the cross section for 
the Fe** (a, p2n)Co” reaction and that for 
the Cop, p2n)Co*’ reaction should be again 
checked experimentally. 

The excitation function for the Fe*"(a, ap)Mn** 
reaction is shown in Fig. 38. 
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Appendix 


Counting procedures 

Ni®?—After Nis’? was allowed to decay to Co*’, 
Ni®? was measured as Co*’. 

Co®}—The 810 KeV j;-ray photopeak was 
measured with an 1—3/4in. dia. x2 in high 
Nal scintillation counter. The contribution 
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of Co was subtracted by comparing the 
sample with a Co** standard source. The dis- 
integration rate of Co®® was obtained by ap- 
plying the photopeak efficiency to the count- 
ing rate. The photopeak efficiency in the 
present equipment was obtained by calibrat- 
ing with the various standard sources of 
known disintegration rates. The disintegra- 
tion rate was also checked by a 47§8-counting 
assuming the positron emission probability of 
15% per total disintegration. Both values 
agreed each other within 10%. 

Co®’—The 122 and 137 KeV y-ray photopeaks 
were measured in an 1—3/4in. dia. x2 in. 
high well-type Nal scitillation counter. The 
photopeak efficiency was estimated as 0.85. 
Mn**—The disintegration rate was obtained 
by counting the @-rays with a calibrated GM 
counter. 

Mn*t—The 845KeV y-ray photopeak was 
measured with an 1—3/4 in. dia. x2 in. high 
Nal scintillation counter. The disintegration 
rate was obtained by applying photopeak ef- 
ficiency to the counting rate as in the case 
of Cor. 


“ Note added in proof” 


After this work, one of the present authors* 
has studied the alpha-particle reactions on 
Ni®*. He has compared, after Ghoshal’s 
work, the alpha-particle reactions on Ni® 
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with the proton reactions on Cu®%. 


comparison all the cross sections on both re- 
actions which have been measured up to: | 
date by many authors are included. He has. 
obtained the conclusion that the energy values. 
in the experiments compared might not be so. 
accurate that it seems inadequate to discuss. | 


strictly whether the discrepancy in energy is 


significant. 
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Multipolarity of 7-ray absorption in U288%(7, f) reaction, produced by 
monochromatic 7 rays from F(p, ay) reactions, has been investigated by 
the analysis of the angular distribution of 1018 tracks of fission frag- 


ments in uranium-impregnated nuclear emulsions. 


It can be explained 


by mixing two sorts of interaction; electric dipole (E1) and electric 


quadrupole (E2). 


The ratio of #2 to #1 absorption cross section, de- 
noted by oyg/cya, has been found to be 0.13+0.05. 


This value is com- 


pared with other results with bremsstrahlung. The angular distribution 
is consistent with those of Baz et al., however, the analysis and inter- 
pretation of the results are different from those of Baz et al.. 


| §1. Introduction 

\ As mentioned by A. Bohr”, the nucleus, 
| which is passing over the saddle point and 
\ whose excitation energy is not too far above 
the fission threshold, is “cold”, since major 
} part of its energy content is bound in poten- 
| tial energy of deformation. The quantum 
| states available to the nucleus at the saddle 
point of the “ fission channels” are then widely 
| separated and represent relatively simple types 
| of motion of the nucleus. These channels 
are expected to form a similar spectrum to 
that of observed low-energy excitations of 
the ground state of the nucleus. 

_ This character of the motion of the nucleus 
at the saddle point gives rise to a number of 
| regularities in the fission phenomena. Thus, 
| fission process passing through a single chan- 
nel may exhibit a marked anisotropy in the 
angular distribution of the fragments, de- 
pending on the angular momentum quantum 
numbers of the channel. Moreover, the wide 
spacing of the channels implies that the fis- 
sion threshold may depend significantly on 
| the spin-parities of the compound nucleus. 
Experimental data on these aspects of the fis- 
‘sion phenomenon may thus provide valuable 
information on the structure of fissioning nu- 
clei at a crucial state of the process. 

The case of photofission of even-even nuclei 
| presents some extremely simple features, since 
‘in this case the compound nucleus is always 
produced in a (1-) state, when electric dipole 
absorption is assumed. The lowest (1-) fis- 
sion channel at the saddle point corresponds 


to a K=0 configuration, with the nuclear 
angular momentum taken up by rotational 
motion. For photon energies near the fission 
threshold, the majority of the fissioning nuclei 
are therefore expected to pass through this 
particular channel. In this case the angular 
distribution of the emitted fragments is ex- 
pected to be mainly of the type expressed by 
the following form 
T(0)=b-sin? 6 , G5) 
where @ is an angle of nuclear symmetry axis 
from the photon direction and 0 is a constant. 
As the photon energy increases, other chan- 
nels of (1-) type representing intrinsic nuclear 
excitations become available. Those channels 
having K=1 give an anisotropy of opposite 
character to that of the form (1) and in con- 
sideration of the two characters a nearly 
isotropic distribution is expected for the nuclei 
passing through the saddle point in a state of 
intrinsic excitation. Thus, the total angular 
distribution becomes 


K0)=a+b:sin? 6 . e) 


According to L. Katz et al.” , the ratio b/a was 
given by the empirical relation b/a=x/(E,—z)’, 
where x, y and z were empirically determined 
constants equal to 40, 2.6 and 4 respectively 
for U?** nucleus. Therefore, the ratio b/a de- 
creases as photon energy increases. 

This circumstance provides an explanation 
of the observed angular anisotropy of the fis- 
sion fragments. The experimental studies by 
E. J. Winhold et al.) and L. Katz et al., with 
the bremsstrahlung of maximum energies be- 
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tween 6.0MeV and 20MeV produced by a 
linear accelerator and by a betatron, have 
shown that the angular distribution is ex- 
pressed by the form (2) and that y-ray ab- 
sorption process can be assumed to be £1 
absorption only. Winhold ef al. measured 
intensities of fission fragments which were 
emitted at 90° and parallel to incident pho- 
tons, using a scattering chamber in which fis- 
sion products were caught on aluminium foils, 
and thus measuring 8 activities. Katz et al. 
tried to measure ratios of intensities at various 
angles to that at incident direction, using a 
fission chamber in which fission pulses from 
a uranium target were amplified by linear 
amplifiers and were introduced to a coincid- 
ence circuit gated by expander pulses from 
betatron. 

The situation obtained by V. P. Bannik et 
al.” and Baz et al.® with bremsstrahlung of 
maximum energies, between 6.5 MeV and 26.5 
MeV produced by a synchrotron, has been 
expressed by a different form from the form 
(2). The angular distribution is then ex- 
pressed by the following form 

I(0)=a+b-sin? 0+c-sin? 0-cos? 6 , BS) 
and the y-ray absorption process can be re- 
garded as the mixture of El and E2 cha- 
racters. Thus, a detailed angular distribution 
was shown, in which intensities of fission 
fragments of various angles to that at incident 
photon direction were measured by means of 
uranium-impregnated nuclear emulsion; and 
the ratio of absorption cross section of E2 to 
E1 was discussed. 

These experiments were carried out with 
bremsstrahlung. When this bremsstrahlung 
is in use, these x-rays have a continuous 
spectrum extending from zero to the maxi- 
mum energy of electrons which strike a 
target. The x-ray spectrum, however, may 
have various forms, even if these maximum 
energies have the same value. Thus, the ex- 
perimental results using bremsstrahlung do 
not seem to contribute to the explanation of 
the structure of uranium-238 nuclei. The 
study obtained by using monochromatic 7 rays 
is rather preferable for this study to brems- 
strahlung, because the compound nucleus ex- 
cited by monochromatic y rays splits into 
fission fragments while it passes through a 
few fission channels; and the analysis of the 
angular distribution is believed to give a clear 
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information on the structure of the deformed i 


nucleus. The angular distribution of the fis- 


sion fragments in U2**(7, f) reaction, produced. | 
by F(~, ar) r rays, E,=6.13 MeV, is very | 


characteristic for an aspect of the y-ray ab- 


sorption process near the threshold in U**(7, f) 


and U**8(7, 2) U8? reaction. 
In the present experiment the angular dis- 
tribution of the fission fragments for U?**(7, n) 


reaction was measured by using uranium-_ 
impregnated nuclear emulsions irradiated by 


F(p, ar) yr rays under a good geometrical 
condition. This results shows that the y-ray 
absorption process is the mixture of £1 and 


E2, and the ratio of E2 to E1, denoted by | 


d7q/Gra, iS 0.13-+0.05. This result is compared 
with other results with bremsstrahlung and is 
discussed. 


Procedure 


§ 2. 

Natural uranium-impregnated nuclear emul- 
sions were irradiated for about 10 hours under 
y rays produced by proton bombardment of a 
CaF thick target. The proton beam was ac- 


celerated up to 2MeV by Van de Graaff of | 


the J.A.E.R.I., and the intensity of the mag- 
netically analysed beam was 25wA.  Dia- 
meters of the CaF thick target and the proton- 
beam spot was 8mm and 3mm respectively. 


Sakura NR-M1 uranium-impregnated nuclear | 


plates (1.5 x1’, 200 u thickness) were used. 
Each plate was arranged in the manner that. 


the 1” edgs was 12cm apart from the target. ; 


and the 1.5” edges parallel to the y rays,. 
giving glancing incidence. 


The uranium-impregnated nuclear plates. | 


were made by immersing the Sakura NR-MI 


nucler plates (Ilford C2 class) into 25 percent. | 


uranyl acetate solution in which the ratio of 
admixture of glycerine is 3 percent. Immers- 


ing of the plates was continued to reach | 
The immersing time was 3 hours. | 


saturation. 


at 25°C. When the plates were immersed 
into the uranyl acetate solution concentrated 
over 25 percent, the action of development. 
and fixing of the plates was disturbed by cry- 
stallization of the uranyl acetate in the nu- 
clear plates. 

The developing procedure of the two bath 
method® was chosen as the most suitable 
method. For the best condition of the second 
stage in this procedure of the two bath 
method, it was found that the developing 
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time is 25 minutes at 17°C. At this condi- 
tion, very sharp tracks of fission fragments 
and faint tracks of spontaneous a particles 
from uranium were obtained, which made 
the scanning of the plates considerably easier. 
The microphotographs of the representative 
type of these very sharp tracks and the faint 
tracks are shown in Fig. 1. 


Fig. 1. Microphotographs of typical fission tracks. 
The arrows show the fission point of U2 nu- 
cleus. 


The very sharp tracks of the fission frag- 
ments are dense at the middle and faint at 
both ends; that is why they are called “ taper 
track”. The faint tracks of spontaneous @ 
particles from uranium are dotted with black 
grains in tatters. 

The shrinkage factor was obtained by mea- 
suring the horizontal and vertical components 
of the lengths!” of spontaneous @ tracks from 
uranium in uranium-impregnated nuclear emul- 
sion un-exposed to 7 rays. The shrinkage 
factor was 1.9. 

The processed emulsions were scanned using 
“Tiyoda” and “ Nippon Kogaku ” microscopes 
at a magnification of 1350 and x1500 re- 
spectively. Each depth measurement (mean 
of three readings) was subject to about +0.3 pu 
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standard deviation. Errors in the horizontal 
projections were ++0.5 yu. 

The quantity of the uranium in uranium- 
impregnated nuclear emulsion was about 0.03 
g /em? 8) 

The total florine y-ray doses in position of 
emulsions were about 10% quanta/cm?®. 

Since discrimination between a@ tracks and 
fission tracks has ambiguity due to non-uni- 
formity of emulsion sensitivity, it is con- 
sidered that 1708 fission tracks contain the 
impurity of spontaneous @ tracks from ura- 
nium. This impurity was eliminated by using 
the following method; the uranium-impreg- 
nated nuclear plates, un-irradiated by 7 rays, 
were developed intensely in the grade of 
sharp tracks for @ particles. The range dis- 
tribution of these @ tracks and that of fission 
tracks in these plates are shown in Figs. 2 
and 3 respectively. 

In the Fig. 2 the peaks at 16y and 19» 
represent the length of range of a particles 
from uranium-I and uranium-I]+Ac-uranium 
respectively. From the Figs. 2 and 3, it was 
pointed out that the fission tracks shorter 
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Fig. 2. Range distribution of spontaneous a tracks 


in uranium-impregnated nuclear plates, un-ex- 
posed to 7 rays. 
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uranium-impregnated nuclear plates, exposed to 
7 rays. 
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than 20/2 may involve the impurity of the 
spontaneous @ tracks. It was very difficult 
to estimate the fraction of the impurity to 
fission tracks. However, the difference was 
not found between the angular distributions 
for the fission tracks longer than 21 and 
Vip, fUR- 

Thus, by using the angular distribution for 
the fission tracks longer than 21 4, the process 
of U7, f) reaction was analyzed. The 
number of these tracks was 1018. 


§3. Results and Discussions 


The angular distribution for the fission 
tracks longer than 21, is shown in Fig. 4 
and that longer than 22 4 is shown in Fig. 5. 


2.00 


unit 


Relative 


1.00 


80 90 


0 20 40 60 


® ( degrees) 


Fig. 4. Angular distribution for the fission tracks 
longer than 21,. Dotted line curve was cal- 
culated by least square fitting; this is expressed 
by 

I(@)=1+(1.02+0.49)sin2 6 
+(1.63+0.52)sin2 @-cos? 6. 


The experimental data of the angular dis- 
tribution were taken at 20° interval. The 
value at 0° is expressed by a relative number 
of tracks between 6°—10° and 6°+10° to that 
between 6° and 20°. Correction for the 
escape of tracks from the emulsion surface 
was done. In Figs. 4 and 5 the vertical lines 
indicate only the statistical standard devia- 
tions. 

For the purpose of observation of the sys- 
tematic error in angular distribution mea- 
surement, the angular distribution of the 
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tracks from spontaneous @ decay of uranium 
was measured by using uranium-impregnated 
nuclear emulsions (not exposed to 7 rays). 
This is shown in Fig. 6. 

Since this proved to be flat with respect to 
the angle, as was expected, it was under- 
stood that there was no systematic error in 
the present angular distribution measurement 
of fission tracks. After the examination of 
control plates placed outside the 7 rays, the 
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Fig. 5. Angular distribution for the fission tracks 
longer than 22 » 
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Fig. 6. Angular distribution of spontaneous a 


tracks in uranium-impregnated nuclear plates 
(not exposed to 7 rays). 
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fission tracks due to the background neutrons 
were confirmed to be negligible. 

As mentioned in §1. there were two ex- 
perimental results for photon absorption re- 
| sulting in nuclear fission. In the first, as 
done by Winhold et al. and Katz et al., the 
photon absorption was assumed to be electric 
| dipole character (E1). In the second, as done 
by Bannik et al. and Baz et al., the electric 
quadrupole absorption was added to El. 

Winhold and Halpern measured only the 
anisotropy of the angular distribution. They 
measured only at two angle points, so their 
results were interpreted by £1 absorption 
alone. 

Katz et al. measured detailed angular dis- 
tribution and found that in all cases the data 
were represented by the form (2). Their re- 
sults show that the photon absorption is due 
to £1 only and £2 process is negligibly 
small. 

Baz et al. studied detailed angular distribu- 
tions by using uranium-impregnated nuclear 
emulsions, and the change of the angular dis- 
tribution with energy Ey max was studied. In 
their experimental results, it was pointed out 
that E1 should be mixed with F2 and that 
the ratio E2 to H1 depend on the energy 
co Ey max. 

In the present experiment the detailed 
angular distribution was studied by using 
uranium-impregnated nuclear emulsions ir- 
radiated by monochromatic 7 ray from F(p, 
ay) reaction. As shown in Figs. 4 and 5, it 
was considered that £2 must be added to 
E11, since the angular distribution curve at 
the neighborhood of 90° descend lower than 
' the value given by J(#)=a+0d-sin’?@. Thus, 
these angular distribution must be described 
by 

1(0)+1a—60)=a+b sin? 6+c¢ sin? 6-cos’ 6 , 

(4) 
where the summation /(9)+J(x—@) is done, 
since it is impossible to distinguish either one 
of the fissions tracks from the other. 

From the present experimental data, the 
coefficients “a”, “b” and “c” in the form 
(4) were calculated by using the least mean 
square fitting. It was given by the following 
expression ; 

1(6)=1+(1.01-£0.49)sin’ 0 
+(1.63+0.52)sin? @-cos’@ . 
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The present results were compared with 
those of Baz et al. and others?).®) for (i) the 
graph of angular distribution, (ii) the ratios 
of b/a, c/a and c/b and (iii) the b/a ratio cal- 
culated in the assumption of the angular de- 
pendence to be of the form J(@)=a+b-sin2 6. 

(i) The comparison of the angular distri- 
butions produced by F(p, av) 7 rays and the 
bremsstrahlung is shown in Fig. 7. (a), (b) 
and (d) show the angular distributions pro- 
duced by bremsstrahlung at Ey max=9.4 MeV, 
8 MeV and 6.5 MeV, respectively, obtained by 


Relative unit 


O 15 304560 7590 
@ (degrees) 


Fig. 7. Comparison of the angular distributions. 
(a), (6) and (d) show the /results obtained by 
Baz et al., and (ec) shows the results obtained 
in the present experiment. 


Table IJ. Comparison with the ratios b/a, c/a and 
c/b produced by F(p, ay) 7 rays and brems- 
strahlung. 


Ey | bla | cla | c/b | Reference 
Ey waz | 4.2 | 31a 40075 agli Al abee 
=6.5 MeV | 1.8} £3.2] +£0.71) e¢ al. 
Ey max aby 0.60 0.54 fs 
=8.0MeV +£0.12 +0.38 +0.34 
Ey max 0.54 {1.34 [2.46 
=9.4MeV +£0.08 +0.34 +0.68 
F(p ay) 
y rays 
Ey 1.02 1.63 is59 Present 
=6.13MeV) +0.49 +0.52 +£0.49 Experiment 
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Baz et al., and (c) shows the angular distri- 
bution produced by F(p, ar) 7 rays, Ey=613 
MeV, obtained from the present experiment. 

(ii) The comparison of the ratios of b/a, 
cla and c/b produced by F(p, @r) r rays and 
the bremsstrahlung are expressed in Table I. 

(iii) The graph comparing the ratios b/a, 
obtained by Winhold ef al., Katz et al. and 
Baz et al. with the present results, is shown 
by Fig. 8. 


& 
() 
== 


-————x*p----—- 


3.0 


b/g 


E max (fieV) 


Fig. 8. Graph comparing the ratios b/a. 


a 

@ results obtained by Winhold e¢ al. 
al 

A. results obtained by Katz et al. 

is 

x results obtained by Baz et al. 

ult 


O results obtained in the present experiment. 


These b/a ratios were calculated in the as- 
sumption of the angular dependence to be of 
the form J(@)=a+b-sin?@. The discrepancy 
at each value of the same photon maximum 
energy may, possibly, be due to difference in 
the spectrum form of bremsstrahlung and 


Eiko TAKEKOSHI 


(Vol. 15, 


monochromatic y rays. 


§4. 


Baz et al. derived, from the angular distri- | 
bution of the form (4), the ratio of the £2 | 
absorption process to the E1 absorption pro- | 
cess in the following way. The coefficients 
“Gg? yo? and “Cc? were considered 107 ex 
press isotropic part of angular distribution 
and the anisotropic parts related to the #1 
and E2 absorption cross section, respectively. 
Then expressing El and E2 photon absorp- 
tion cross section in nuclear fission by ora and 
Ora, Yespectively, the value of oy/osa Was 
given by . 
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(of 
The values of oya/ora for each Eymax are also” 


given in Table II, where it is seen that the 
values increase with increase of Ey. 


Ofq/Cra=C/5b ‘ 


Table II. Comparison with the values cyq/oya 
obtained from the form (5) for data by Baz et 
al. and in the present experiment. 


Ey | oyaloyza Reference 


Ey Max OD MeV) 0.15+0.14 | 


Ey max=8.0 MeV, 0.1140.07 Y 


A. I. Baz eG al. 


Ey max=9.4 MeV | 0.490.14 | , 


F(p, ay) 7 rays | / 
Ey=6.13MeV | 0.32+0.05 , Present Experiment 


However, different possibilities are suggested 
by A. Sugie. According to him, the iso- | 
tropic part “a” must also be due to either 
El or E2 or both. The existence of the 
isotropic part means that the states with K- 
value one are involved in addition to those 
with K=0. If K=1 states are mixed to K=0 | 
states in both £1 and E2 process, we cannot | 
determine the ratios uniquely from the ex- 
perimentally obtained ratios b/a and c/a. How- | 
ever, we can calculate the ratio oy/osa by | 
putting several plausible assumptions about | 
the ratio of the processes with different K- 
values. Then we find that the energy de- 


pendence of the ratio oy/osa changes as fol- | 
lows. 


(i) As the simplest case; assuming only | 
K=0 and K=1 contribute to El and only 
K=0 to £2, the value of oy/osa is given by 


6 4q/6ra=2/15-c/a/(1+2/3-b/a) . (6) 


i 
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The values, calculated from the ratios of 
c/a” and “b/a” in Table I by using form 
(6), are represented in Table III; where the 
values of oyq/o7a is nearly constant, when the 


§ maximum energies of bremsstrahlung increase. 


§ Table Ill. Comparison with the values ozqloza 


obtained from the form (6) for data by Baz et 
al. and in the present experiment. 


Ey | oyzqlo ra Reference 


Ey wax=6.5 MeV! 0.11+40.26 | A. I. Baz et al. 


Ey max=8.0 MeV 0.05+0.03 _ y 


Ey awax=9.4 MeV) 0.13-+£0.03 | a, 


F(p, ay) 7 rays 


Ey=6.13 MeV 0.13+0.05 Present Experiment 


(ii) However, if it is assumed that both 
K=0 and K=1 contribute to both E1 and E2 
and that the mixing ratio of K=1 to K=0 


be the same for both El and £2, the ratios 


of £2 to E1 increase with increase of photon 
energy. 


Gi) Moreover, when an assumption of 


K=2 for E2 is added with the same ratio as 


that of K=1 to K=O, the similar trend to 


the above case exist. 


(iv) However, in case that both K=0 and 


_K=1 contribute to E1 and K=0 and K=2 to 


E2 and the both mixing ratios are the same, 
the values o;,/c;a are shown to be constant 


'in the region. 


Thus, it is found that any unique answer 


>is not drawn as the above discussion, since 
1 the values of oyq/ora depend on K-value com- 
' bination. 


As the case stands, however, the author 


considered that the suggestion given by A. 


j 


i 


Sugie is reasonable. Therefore, the form (6) 
is taken for the calculation of the value ¢;,/o;a. 
As shown in Table III, it is 0.13:0.05. This 
value, being able to be considered to corre- 
spond to that for bremsstrahlung of maximum 
energy between 8.0 and 9.4 MeV, is consistent 
with that of Baz et al., after re-calculation 
by form (6). 

The above mentioned consideration must be 
examined from another point of view, since 
any unique answer is not drawn from the 
angular distribution analysis. In other words 
the competition between U***(7, /) and U2#&7,, 
n)U**? reaction must be considered, because 
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the energy is somewhat above the threshold 
of U*8*(7, 2)U*? reaction. The relative prob- 
ability of U%(7, f) and Uy, ) reaction 
was studied by Duffield and Huizenga! and 
Gindler et al.’?, using radiochemical tech- 
niques. They found that the photofission 
branching ratio, which may be regarded as 
roughly constant in the region of Ey max=8 to 
11 MeV, was 0.2 for U%*®. Also Lazareva et 
al.) used neutron and fission-counting tech- 
niques in order to obtain fission branching 
ratio. They obtained a value of 0.24 for U?*8, 
roughly constant in the region from Ey max= 
6.5 MeV to 11MeV. Thus, it is necessary to 
consider the photon absorption leading to 
U***(y, 2) reaction near the threshold (E,= 
5.97 MeV). 

The following situation was presented by 
Baz and Smorodinsky™. The £1 absorption 
process leads to U?**(7, 2) as well as U8, f), 
but the £2 absorption process leads only to 
U*8(7, f), not to (7, 2). - Then, as the energy 
becomes higher than the (7,7) threshold, 
(rv, f) reaction through the £1 process will 
decrease due to the competition with the 
(y, 2) reaction, but the (7, /) reaction through 
the E2 process will not. Thus the ratio 
Oy /oya increases with increase of photon 
energy. 

However, a different possibility is pointed 
out by A. Sugie. The photon absorption lead- 
ing to the U**%(7, m) reaction near the thre- 
shold is determined mainly by spin-parties of 
lowlying levels, in U**? nucleus disintegrated 
from U***(y, 2)U®*", since the ground state of 
U238 is O+ and neutrons from the U***(y, 7) 
reaction near the threshold may be S-wave. 
If the ground state of U*’ is 1/2—, as sug- 
gested by J. O. Rasmussen et al. presence 
of a competing (y, 2) reaction in £1 should 
bring increase of the value of oy/osa with 
increase of photon energy. However, if the 
ground state of U*" is 1/2+, as represented 
by B. N. Mottelson and S. G. Nilsson’, the 
S-wave neutrons of U”*%(y, ~) reaction near 
the threshold, in case of E1 in U***%(y, 7) re- 
action, should decay to the levels of excited 
states of U2’. If, in the excited states of 
U237, the positive parity levels lie close to 
negative parity levels, the photon absorption 
of U28%(7, 2) might be, possibly, given by both 
El and E2. Thus, without the knowledge 
of the spin-parities of the levels of U*’, both 
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conclusions, ¢y/ora is constans or increases 
with energy, are permissible. 

In conclusion, it is not firmly determined 
whether the ratio of oyq/asa derived from the 
analysis of angular distribution is constant or 
increases with increase of photon energy and 
whether proper value of mixing ratio of £2 
to E1 is found or not, even if the competi- 
tion between U?**(y, 2) and U**%(7, f) reaction 
is considered. The author can draw no de- 
finite conclusion, since the spin-parities of 
ground state and excited states of U*" are 
not unambiguously assigned. However, when 
the spin-parities of levels for U**? nucleus is 
assigned, the aspect of the ratio oya/oya in 
U8(7, f) may be proposed from the com- 
petition between U%(7, f) and U***(y, ”) re- 
actions. Then, an important clue may be 
given for the levels at the saddle point of the 
fission, especially for the levels having K=1 
and positive parity, through the angular dis- 
tribution analysis. 
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Weak gamma-rays following the decay of Mn*! were investigated by a 


Nal(T1) scintillation spectrometer. 


To eliminate the effect of the strong 


annihilation gamma-ray, a new method was used. Gamma-rays of 0.74 
and 1.17 MeV were found and these intensities were 0.4+0.2 and 0.2+0.1 
percent of the positrons, respectively. The half-life of Mn*! was deter- 


mined as 44+1 min. 


$1. Introduction 

_ Mn*! having half-life of 44 min decays to 
Cr®*! by the emission of 2.16 MeV positrons”. 
No gamma-ray has been found in this decay”, 
On the other hand, the investigations of the 
reaction V*! (p, m) Cr*! indicated the excited 
states of Cr*! to be 0.74, 1.42 and 1.53 MeV, 
but the spins and parities of these levels have 
not been known. The spin and parity of the 
ground state of Cr®! are 7/2-, i.e. (fz)! in 
the shell model and those of Mn*! are estimated 
to be 5/2- or 7/2-, t.e. (fz/2)~*s=5/2 or 12. There- 
fore, if the spins and parities of the excited 
states of Cr*! are 3/2, 5/2, 7/2, or 9/2-, the 
beta transition from Mn*! to those levels may 
be allowed. Then weak gamma-rays from 
such a excited state can be found, when log 
Sft=5~7. 

In the case of the investigation of Mn*?™ 
(21 min)” the weak gamma-ray of about 0.74 
MeV with a long half-life was found in the 
scintillation spectra, and it is estimated to 
belong to the decay of Mn*!. The strong 
gamma-ray and the annihilation radiation of 
- Mn®2™ disturbed to detect weak gamma-rays of 
-Mn*!. Hence we bombarded the chromium 
target by low energy deuterons of about 6 
MeV which do not produce Mn**™ by the (d, 
2n) reaction”. As the strong annihilation 
gamma-ray of Mn®*! and its high energy tail 
due to the annihilation in flight and the brems- 
strahlung of the positrons disturbed the me- 
asurement of weak gamma-rays, we devised 
a new method which decreases above mentioned 
effect of the annihilation gamma-ray. 

In §2 this method will be introduced. The 


* Now at Japan Atomic Energy Research Insti- 
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application of this method to Mn*! and the 
result will be discussed in § 3. 


§2. A Method for Elimination of the Annihi- 
lation Gamma-Ray. 


The annihilation radiation often disturbs the 
Nal scintillation spectrometer measurement 
for weak gamma-rays, especially, near and 
lower than 0.5 MeV gamma-rays. If the 
effect of this radiation is removed, weak 
gamma-rays, can be easily measured. For 
this purpose coincidence methods are commonly 
used. But they are not practical for very weak 


wi Source 


peer See SS 


a Positron absorber 


yyy. 


YT 


Fig. 1. Schematic diagram of the experimental 
arrangement for elimination of the annihilation 
gamma-ray. 


2137 


2138 


gamma-rays. 

In our experiment a new method was adopted. 
Such thin material as the beta-ray source of no 
self-absorption must be used for gamma-ray 
source, in order to decrease the annihilation 
of positrons near the source. A 13” x13’’ Nal 
scintillation probe was shielded by the lead 
which has a collimation system as shown in 
Fig. 1. A plastic plate used as the absorber 
for positrons was put between the lead colli- 
mater and the source. The solid angle for 
the gamma-ray is denoted by wy, that of the 
effective area of the plastic plate by w; and 
that for the annihilation radiation converted in 
the plastic plate by wa. Counting rates for the 
gamma-ray and the annihilation radiation are 
N6oyoyéy and Nd.0+Maea, respectively, where NV 
is the disintegration rate and 0), 04, €, and 
€, are the branching ratios and the efficiencies 
of the scintillation counter. In the present 
experiment wy, wa and w1<10-?. Then the 
counting rate for the annihilation radiation can 
be remarkably decreased. 

For preliminary experiments Na”? deposited 
on thin mylar film was used. Fig. 2 shows 


O.511 MeV 


1277 Mev 


log N 


i L 
0.5 1.0 a 
Ey (MeV) 


Fig. 2. Scintillation spectra of Na. Curve A 
shows spectrum using a gamma-ray source in a 
thick plastic vessel, and Curve B collimated 
spectrum with a plastic positron absorber using 
the thin source (the condition shown in Fig. 1). 
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the pulse height spectra for different conditions. 


The effect of this method can be seen by the | 
comparison with 1.28 MeV gamma-ray. The | 


annihilation gamma-ray was decreased to 10~ 
30 percent. In order to take away the annihi- 
lation in air, the source was placed in vacuum 
chamber, but its effect was not so large. 
The annihilation in the neighbourhood of the 
source is so small for high energy positrons 
that this method is more effective than low 


\ 


energy positions. The strong source more than . 


0.1 mc is necessary, because the small solid 
angle must be used. A typical case is shown 
in the investigation of Mn?™®”. 


§3. Experimental Procedure and Result 


Chromium foils of about 10 mg/cm? thick 
were bombarded by 6 MeV deuterons of Osaka 
University cyclotron degraded by aluminum 
absorber. Target foils were used without 


log N 


— 


0 05 0 15 2.0 

(MeV) 

Fig. 3. Scintillation spectra of Mn*!. Curve A is 
the usual gamma-ray spectrum of the source 
bombarded by 11.4MeV deuterons, Curve B 
that by 6 MeV deuterons, and Curve C€ the 


spectrum by the new method of the source by 
6 MeV deuterons. 
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| chemical process for the gamma-ray sources. 
| The gamma-ray was measured in the worse 
condition than that as shown in Fig. 1, because 
the strong enough source could not get. Curve 
A in Fig. 3 shows an usual gamma-ray spec- 
trum from the foil bombarded by 11.4 MeV 
deuterons. There were the strong 1.435 MeV 
and the annihilation gamma-rays of Mn‘%2™. 
Curve B is also the usual spectrum from the 
foil bombarded by 6 MeV deuterons. The 
spectrum using the new method is shown by 
Curve C. To determine the intensity of posi- 
trons, during the measurement of the decay 
of the spectrum, the source foil was placed 
between plastic plates. In this arrangement 
most of positrons are expected to annihilate 
at the plastic plates. 

New gamma-rays of 0.74 and 1.17 MeV were 
found. A gamma-ray of about 1.4 MeV was 
estimated to be that of Mn*™, though it is 
curious that Mn*?™ was produced at lower 
energy than (d, 2m) threshould as Kafaras, et 
al.» pointed out. To confirm whether these 
gamma-rays belong to Mn°!, the decay curves 
are plotted as indicated in Fig. 4. The half- 
life of Mn5! was determined as 44-+1 min from 


log N 


a | 
240 300 360 
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Fig. 4. Decay curves of gamma-ray peak. A, B 
and C shows annihilation, 0.74 and 1.17 MeV 


gamma-rays, respectively. 
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these curves. The relative intensities of weak 
gamma-rays were determined by comparison 
with the annihilation radiation. Estimated 
intensities are 0.4-+0.2 and 0.2-+0.1 percent 
of the positrons for 0.74 and 1.17 MeV gamma- 
rays, respectively. 


(5/2, 7/2-) 


0.99 (0.2%, 6.9) 


142 (0.4%, 7.3) 


ZG 99%, 5:3)) 


28d 


5! 
24Cla7 


Fig. 5. Decay scheme of Mni!. 


The decay scheme is shown in Fig.5. EC/B+ 
and log ft for the ground state transition are 
0.03 and 5.2 from Zweifel®, Brysk and Rose” 
and Feenberg and Trigg®). From these in- 
tensities log ft are 7.3 and 6.9 for beta-decays. 
to 0.74 MeV and 1.17 MeV levels. These 
values are large compared with 5.2 for the 
ground state transition. There is no such a 
a large log ft value except Ca‘? in the fr 
shell region. The spin and parity of Mn*! are 
5/2- or 7/2-, 1.€., (frj2)-? J=5/2 or 7/2- Then 0.75. 
and 1.17 MeV levels of Cr+ is not expected 
to have a single particle excited state such as. 
fs/2, but to have to more complex configuration. 
Because there is no even parity configuration 
and beta transition to these levels cannot be 
first forbidden. 
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Excited levels of Cri? were studied by investigating the decays of 
Mn°2(5.7 days) and Mn*2™(21min), produced by Cr®(d, 2n)Mn*.2m, By 
means of a two-directional focusing beta-ray spectrometer, Nal(TI) scintil- 
lation spectrometers and a 20-channel pulse height analyzer, following 
results were obtained: (1) Energies of the main three gamma-rays from 
Mn® are 746.8+0.2, 938.140.4 and 1434.7+0.8keV. (2) The maximum 
energies of the positrons from Mn*? and Mn®2™ are 0.572+0.006 and 
2.61+0.03 MeV, respectively. (3) The spins and parities of the levels 
of 3120, 2373 and 1435 keV were determined to be 6+, 4+ and 2+, from 
measurements of conversion electrons and angular correlations. (4) Sev- 
eral weak gamma-rays were found, which could be inferred to belong to 
these decays. (5) The half-life of Mn5?™ is 21+1 min. Its branching 
ratio IT/(@++EC) was determined as 2+1 percent. (6) The energy of 
isomeric transition is 0.383+0.003 MeV, which was decided as H4 from 
K/L+M and the transition probability. 


$1. 


From many investigations” .”) it has been well 


assigned to be identical as the 3.13 MeV level® 
in the decay of Mn*?. The small difference 


Introduction 


established that Mn*? decays with the half-life 
of 5.7 days through the emission of the posi- 
tron of 0.58 MeV to a excited level of Cr°?, 
which emits gamma-rays of 0.73, 0.94 and 1.45 
MeV inturn. Besides, a isomeric state Mn*?™ 
with the half-life of 21 min has been found 
which decays by the emission of the 2.6 MeV 
positron to the 1.45 MeV level of Cr*?, and in 
small fraction through the isomeric transition 
of the 0.39MeV gamma-ray to Mn*?. The 
values of log ft for the positron emission from 
Mn*® and that from Mn*™ are 5.3 and 5.6, 
respectively, and both can be regarded as the 
allowed transitions. V**(3.8 min) also decays 
to the 1.45MeV level of Cr? through the 
negatron emission. This decay has, however, 
not yet been reported in detail. 

Mazari, Buechner and Sperduto®) measured 
exactly the energy spectra in the reactions 
Cr°*(p, p’)Cr°?* and Mn**(p, w)Cr®2*, and found 
many levels which had not yet been seen in 
the decays from Mn* and Mn*2™,. New levels 
of 2.648, 2.767, 2.965 and 3.161 MeV are shown 
Tink JENKeR, Ibe 

By Seaborg, et al.”, the 3.161 MeV level was 
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of energy between them cannot, however, be | 
negligible. According to the K. Way, et al.”, 
it is concluded that the three main gamma 
de-excitation of Cr** are quadrupole transitions 
and the spins of the concerned levels are 6, 
4, 2 and 0. Then the spin of Mn®™, which 
decays to the 1.45 MeV level, will be 2 or 3. 
If the 1.45 MeV level is assumed to have the 


5.7days 
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Fig. 1. The decay scheme of Mn*2 and Mn2™, 
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even parity according to the systematics of 
} €ven-even nuclei, Mn” will have the same 
| parity. Similarly, the spin and parity of Mn*? 
| is either 6+ or 7+ from the selection rule 
: of beta-decay. This spin has been also meas- 
| ured by the paramagnetic resonance method. 
| These results are also supported from the 
} conclusion of Huiskamp*), that the spins and 
} parities of the above-mentioned levels are 6+, 
)} 4+, 2+ and 0+, derived from the measure- 
/ ment of gamma-ray directional and polariza- 
tion angular distributions at low temperature. 
| We have no information concerning spins of 
'new levels found by Mazari, et al., but can 
| infer that they have low spins as they are 
| levels resulting from excitation by the low 
| energy protons. Therefore, a detection of 
| unknown weak gamma-rays between these 
levels may be possible in the decay of Mn°2™ 
| Tather than Mn*?. And it is questionable to 
; consider that the 3.161 MeV level found by 
| Mazari, et al. and the 3.13 MeV level in the 
| decay of Mn* are the identical, as they sug- 
} gested?. 
In this paper, the following results are 
4 reported: (1) The energies of three main 
| gamma-rays from Mn*? were precisely meas- 
ured by means of the magnetic beta-ray 
| spectrometer. It was tried to clarify the 
above mentioned problem from, these gamma- 
| ray energies. (2) By measuring the relative 
| total conversion ratios of the three main 
| gamma-rays and those angular correlations, 
| the spins and parities of the concerned levels 
| were re-examined. (3) Unknown weak gam- 
) ma-rays from Mn and higher spin levels 
| -were looked for. (4) The energy of main 
gamma-ray from Mn*?™ was measured, and 
it was ascertained that it comes from the 
‘first excited level of Cr? and is coincident 
| with the annihilation gamma-ray. (5) New 
| weak gamma-rays from Mn*?™, especially, the 
expected from the results of Mazari, et Gls 
“were searched. Several weak gamma-rays 
were found. (6) Beta-ray spectra of Mn*? and 
Mn®2™ were measured by the beta-ray spe- 
ctrometer and analyzed. (7) For the isomeric 
transition of Mn*™, K/L+M and the half-life 
“were measured by the beta-ray spectrometer, 
and the energy and the intensity of the 
gamma-ray by the scintillation spectrometer. 
Bombarding the natural chromium by 11.4 
MeV deuterons of a cyclotron in Osaka Uni- 
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versity, Mn*? and Mn*2~ were obtained. The 
cross section of this reaction was reported by 
Irvin, et al.®. 


§2. Source Preparation 


For the production of Mn*? and Mn*2™ 
natural metalic chromium was bombarded by 
the 11.4MeV deuteron beam of the cyclotron 
in Osaka University”, of which the maximum 
values of beam currents were about 100“A 
for the internal target and about 50A for the 
external. However, the current was limited 
to 30~50uHA and 15~25A, respectively. 


2.1 Mn*? 

The internal target was mainly used. Tar- 
get material was natural chromium metal of 
100~300 micron thickness electroplated on a 
copper plate of 1mm thickness, which was 
set with ordinary solder to a water-cooled 
copper pipe of 25mm diameter. 

Impurities in chromium were lower than 
the spectroscopical limit, except a trace of 
iron. Considerable products with half-life lon- 
ger than 5 days are due to Cr°°%(d, p)Cr*! and 
Cri%(d, a)V** other than Cr*2(d,2n)Mn*?. The 
most serious problem in the chemical separa- 
tion was the removal of V‘** (16 days). The 
energies of gamma-rays from V** are 0.99, 
1.04 and 1.33 MeV, thus V*° and Mn*? can be 
hardly separated by the scintillation spectro- 
meter. Really, the admixture of V* in Mn? 
brought the ambiguity for weak gamma-rays, 
angular correlation measurements, etc. The 
following radiocolloid method was finally 
adopted by Otozai, et al.*. The separated 
sample was tested by observing the positron 
spectra of V*® and Mn*? of which the maxi- 
mum energies are 693 and 572keV, re- 
spectively, and by measuring the half-life 
difference in the scintillation spectra: (1) The 
target is treated with 6 N nitric acid to remove 
base metal from the electroplated chromium, 
and the resulted chromium foil is then dis- 
solved in 1ml of concentrated hydrochloric 
acid. (2) The solution is diluted to about 10 
ml with distilled water and added dropwise 
to the bromine-saturated 2.5N caustic soda 
solution (200ml reagent solution per 100 mg 
chromium). (3) To this solution, about 5mg 
of ammonium vanadate solution containing 20 
mg of vanadate is added. (4) The excess 
bromine is distilled off completely. (5) The 
solution is filtered with a 3G5 sintered-glass 
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filter to catch manganese activities as radio- 
colloid. (6) The colloid caught on the filter 
is washed five times with 2ml aliquots of 
water, and successively eluted five times with 
2ml aliquots of concentrated hydrochrolic 
acid. (7) The eluted solutions are dried up, 
and carrier-free manganese activities are 
finally obtained. 

The source for the beta-ray spectrometer 
was carrier free MnCle which was deposited 
on 0.8 mg/cm? myler film with insulin solution. 
Myler film was coated before hand with thin 
aluminium. Sources for the scintillation spec- 
trometer were also deposited on myler film 
and padked in Acrylite vessels of about 1mm 
wall thickness. Especially the source for the 
angular correlation was aqueous solution of 
MnCl:, sealed in an Acrylite pipe of inner 
diameter 1mm and wall thickness 1mm. 

LN Bae 

As its half-life is short, the chemical separa- 
tion was hardly possible and it was practical 
that chromium foils were bombarded and used 
without further treatment. Chromium foils 
were produced by the method of Irvin, ef al.*. 
Chromium was electroplated on thin copper 
plates from aqueous solution of chromic acid. 
Then plates were annealed in vacuum at 
aboot 200°C within about 5~8 hours, and cop- 
per plates were taken away by HNO;. In 
the case of sources of the beta-ray spectro- 
meter, chromium foils of 5~10 mg/cm? 
thickness and 5x30mm? dimension were 
bombarded by external deuteron beam of ~20 
vA for 20~30 min. Sources for the scintilla- 
tion spectrometer were prepared with smaller 
current and shorter time. As the foils are 
thin, the ratio of the (d, 2) and (d, p) reaction 
yields to the (d,2n) yield is relatively small. 
Because of short bombardments, long life 
activities of Mn*?, V#8 and Cr*! do not cause 
trouble. Mn*!(44 min) was not also an obstacle 
to observation as shown in § 4. 


§3. 


The two-directional focusing beta-ray spec- 
trometer was used for observation of beta- 
spectra and internal conversion electrons. 
For observations of the gamma-ray single and 
coincidence spectra and the ;-y angular corre- 
lation, 13’ x13” and 3’ x3’ Nal(TI) scintillators 
mounted on 5819 and 6364 photomultipliers 
were used. 


Instruments 
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3.1 Beta-ray spectrometer 

The spectrometer shown in Fig. 2 is of the 
mushroom type as reported by Hedgran, || 
Siegbahn and Svartholm®. The mean radius 
of electron path is 40cm, the weight of the 
magnet 2.2 ton, the diameter 124cm and the; 
gap at the mean radius 22cm. | 


a - we 


——e 


Fig. 2. Two-directional focusing beta-ray spectro- 
meter. M indicates the magnet iron; C, the | 
magnet coil; S, the source; S, and Se, the | 
defining and the exit slits; B, the baffles; D 
the detector; V, the valve for the vacuum | 
seals; W, the glass windows; Pb, the lead | 
shield; and F, the chamber for the magnetic | 
field measurement apparatus. 


> 7 


The power source of the magnet is storages 
batterys of 100 volts and controled by slide} 
resistances. Error due to the hysterisis of the 
I-B curve can be restricted to less than 0.1] 
percent, by demagnetization and measurement! 
starting from zero current. 

The slit system is made up of two slits and! 
four baffles, as shown in Fig. 2. The defining» 
slit is placed at angular distance 36° from the 
source, and the exit slit just in front of thes 
GM counter. The slits are adjustable in thes 
directions both radial and vertical. The posi-- 
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tion of the source is also adjustable in the 
radial direction. Electrons scattered from 
inner walls of vacuum chamber are removed 
¥ by the four aluminium baffles. Upper limit of 
scattered electrons was about one thousandth. 
| This limit was estimated from counting rates 
in the energy regions lower than the cut-off 
j energy of the counter window and higher than 
| the maximum energy of various beta sources, 
me-o. that of Y° 

The GM counter is of the end window type 
| with 3 mg/cm? mica. It was seen by measur- 
ing the spectrum of Y* that the absorption 
/ of the window begins at about 300 keV and 
| its cut-off energy is about 50 keV. 


1 3.2 Scintillation spectrometer 

Scintillators were the 13’’ x14’ Nal(TI) cov- 
ered with lead and graded shields, and their 
} resolutions were 11 percent for 662 keV gam- 
1 ma-ray of Cs'*". A 3” x3” ascintillator was 
also used for high energy gamma-rays. 
| Linear amplifiers were of the Higinbotham 
| tybe. Single channel pulse height analyzers 
| of the sweep type and a 20-channel pulse 
height analyzer were used. Fig. 3 shows the 
block diagram which was used in the coin- 
cidence measurement. 


Scaier 


Fig. 3. Blook diagram of the coincidence spetro- 
meter. 


For the measurement of the angular corre- 
lation were used two single channel P.H.A. 
-and a goniometer made of alminium. The 
solid angle correction factors for the angular 
correlation coefficients Az and A, were 1.07 
and 1.25, respectively. The energy depend- 
ence of these factor were less than 0.2 percent 
in the range 0.7~1.5 MeV. 


§4, Spectra of Beta-Rays and Internal Con- 
version Electrons 
41 Mn*2 
The source was prepared by the method 
stated in §2. The removal of V** was satis- 
factory. The admixture of Mn*‘ did not 
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cause trouble, because it decays through a 
electron capture and a 838 keV gamma transi- 
tion?) 

(1) Beta-ray spectrum. In Fig. 4 is shown 
the momentum spectrum obtained by our 
beta-ray spectrometeter. Assuming the Bo 
vs. current curve for positrons was the same 
for negatrons, the energy was calibrated by 
using the A conversion lines of the 1173 keV 
gamma-ray of Cos) and the 662 keV gamma- 
my oT Cale, 


(0) 1000 2000 3000 u 
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Fig. 4. Momentum spectrum of the positrons 
emitted in the decay of Mn*. 
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Fig. 5. Kurie plot of the positrons emitted in the 
decay of Mn*2° 


Fig. 5 shows the Kurie plot, from which 
the maximum energy 572+6keV is deter- 
mined. As shown in the Figure the Kurie 
plot is straight from the maximum energy 
down to about 200keV, where the absorption 
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Fig. 6. Spectrum of the Conversion electrons in the 600~1000 keV region and the 1400~1500 KeV 


region emitted in the decay of Mn*. 


by the counter window can be thought to 
begin. Then if the value of half-life 5.72 
days!» is adopted, the value of log ft is 5.4. 

(2) Internal conversion electrons Fig. 6 
shows the spectrum of the internal conversion 
lines using the same source as that of beta- 
ray spectrum. The relative half maximum 
width of each line is 0.6 percent. The values 


Table I. Gamma-ray energies in the decay 


of Mn? (MeV). 


y OE ae fu Keister») | Present 

0.73440.015 | 0.74 0.7468+0.0002 
0.94+0.02 | 0.93 0.9381+0.0004 
1.46+0.03 1.46 1.4347 40.0008 


a) W.C. Peacock and M. Deutsch, Phys. Rev. 
69 (1946) 306. 


b) G. L. Keister, Phys. Rev. 96 (1954) 855A. 


Table Il. K/L+M ratios of the gamma-rays 
in the decay of Mn°2, 
By(keV) 746.8 938.1 
Exp 8.540.6 | 8.9+0.9 
El 8.3 pete eane 
Theor. E2 7.8 7.8 
M1 8.0 8.0 
M2 (hats) has 


of energies of each gamma-rays are tabulated 
in Table I, where energy standards were the 
K-conversion lines of Cs'*? and Co®. 


The K-lines and the L+WM lines can be | 


barely separated for 747 and 938 keV gamma- 
yays. 
K/L+M ratios are compared with those calcu- 
lated from the tables of Rose!”. 


four are far from the observed values. 


should be multiplied by factor about 0.6. 


The calculated values in Table II were thus: 
obtained and agree well with the observed | 


within experimental error 
Instead of measuring the conversion coef- 


ficents, the relative intensity ratios of the | 
total conversion electrons of the three gamma- 
rayS were measured. As intensities of weak 
gamma-rays other than the main three were | 
estimated less than 5 percent (§5), the main | 
three can be said to have equal intensities . 


within the same error. Therefore the ratios 
of the total conversion electrons are regarded 


as the ratios of the total conversion coefii- 
cients. 


In Table II values of the observed | 


Here the | 
calculated ratios are taken into consideration | 
only for cases of El, E2, M1 and M2, because |) 
the gamma-rays are restricted to be quadru- | 
pole from the results of angular correlation | 
as shown in §6, and ratios other than these | 
The | 
Rose’s values for M-shell which do not con- | 
tain the correction for the screening effect 


These ratios compared with calculated _ 
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i Table II[. Relative total conversion ratios of the 
three main gamma-rays in the decay of Mn°, 


Ey(keV) | 746.8 | 938.1 1434.7 

Expy shh e5iSck0:5e le 2074-0: 3 1.0 

I | 1.9521) | 1.20781) | 10M) 

/ TI | 5.26(E2) | 2.85(E2) | 1(M1) 
Hy | 

| Theor. III | 8.87(M2) | 4.94(M2) | 1(M1) 

| IV | 4.82(E2) | 2.62(E2) | 1(E2) 

Vv | 4.910M2) | 2.730M2) | 102) 

VI | 8.13(M2) | 2.62(E2) | 1(E2) 

VII | 3.20(M1) | 2.62(E2) | 1(E2) 


ivalues for all combinations of El, E2, M1 and 
‘M2 transitions. Table III shows the observed 
'values and some of the calculated ones, nor- 
‘malized for the 1435keV gamma-ray. It can 
‘be concluded that combinations except E2-E2- 
|E2, M2-M2-M2 and E2-E2-M1 are rejected. 
14.2 Mn2= 

The relatively short half-life of Mn°?™ neces- 
/sitated several devices for source preparation 
lof beta-ray spectrometer as stated in §2. 

(1) Beta-ray spectrum Runs of measure- 
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Fig. 7. Decay of the positron spectrum of Mn2™, 

A, B and C are the decay curves of the points 

indicated by the same letters in Fig. 8. 
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repeated several times until the source de- 
cayed out. Decay curves obtained for three 
momentum values are illustrated in Fig. 7. 
All decay curves showed the half-life of 21 
min. A momentum spectrum derived from 
these decay curves is shown in Fig. 8. Fig. 
9 is its Kurie plot. It shows the maximum 
energy 2.61+0.03 MeV and the allowed shape 
down to 0.2 MeV from the maximum energy. 
Decay curves of the low energy part in Fig. 
7 deviate from the straight line with the 
passage of time. This seems to be the admix- 
ture of Mn*'!(44 min). This effect is, however, 
negligible as seen from the decay curves. 

(2) Internal conversion A spectrum of con- 
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Fig. 8. Momentum spectrum of the positrons 
emitted in the decay of Mn52™, ‘The intensities 
of the measured points were normalized at the 
same time. 
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Fig. 9. Kurie plot of the positrons emitted in the 
decay of Mn*22, 
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version electrons containing two strong lines 
was obtained as shown in Fig. 10. Energies 
of these gamma-rays are tabulated in Table 


[ J IF A T T 
3B 3keV-K 
“ee 
0.6 ;- LC 
7 
e 
ca ¢ 
2s £ 1435 keV-K 
& 0.4L 383keV-L 
= e 
= ¥ ee ® 
03K Se0 e 
oe 
O.2- ; & & 
- wes 
0.1 yal “afsteo ate 
e 
| We, 


i = ! ! 
2350 2400 2450 6200 6250 6300 
(a) 
Bp (Gauss-cm) 


Fig. 10. Spectrum of the conversion electrons 
emitted in the decay of Mn*™, (a) Region 
between 350 and 390keV. (b) Region between 
1400 and 1450 keV. 


Table IV. Gamma-ray energies in the decay 
of Mn52?™(MeV). 


Osborne and Deutsch) 


Present 


0.39 | 0.383+0.003 


1.46+0.04 1.435+0.003 


a) R. K. Osborne and M. Deutsche, Phys. Rev. 
71 (1947) 467A. 
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Fig. 11. Decay of the conversion electrons of the 


383 keV transition emitted in the decay of 
Mn°2m,_ 


IV. Fig. 11 is the decay plots of the con} 
version line of 383keV gamma-ray, whicht 
shows the half-life is 24-:5 min. / 

The 1435 keV gamma-ray can be said to be 
emitted from the first excited state of Cr” as! 
in the case of Mn®?. The 383keV gamma 
transition can be thought to be isomeric. The 
observed and the calculated K/L ratios tabu 
lated in Table V show that it is a £4 transition) 
Besides the above two strong gamma-rays wel 
searched for whether conversion electrons 0 
weak gamma-ray exist between 0.5 and 1.4 
MeV, but found nothing. It will be concludec 
that there is no conversion electron of inten 
sity more than 20 percent of 1435 keV 
conversion electrons. 


Table V. K/L+M ratio of the 383 keV gamma: 
ray in the decay of Mn®2™, 


K/L+M 
Exp 7.240.4 
El 8.6 
E2 8.4 
Theor. E3 | 8.1 
E4 had 
E5 6.9 
Mil 8.6 
M2 8.3 
M3 8.0 
M4 Hott 
M5 USE 


§5. Scintillation Gamma Spectra 
5.) Mine 

(1) Single spectra Fig. 12 shows the scintil! 
lation spectrum of the well-known three! 
gamma-rays of Mn*? measured by using thal 
13” x13” Nal(Tl) scintillator and the singld| 
channel pulse height analyzer. 

The energies of these three gamma-ray) 
have been reported by Peacock and Deutsch4 
and others. Table I contains some of these 
values. The preceding values for 938 keV 
gamma-ray agree well with the present value; 
but values for other two gamma-rays do no? 
well. Here, we reexamined the energies 0) 
these two gamma-rays by means of the 
scintillation spectrometer calibrated with tha 
annihilation and 938keV gamma-rays, ana 
obtained the values of 0.746 and 1.433 MeV, 
The fact that present results from two difi 
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7 erent methods are not contradictory means 
“fhat there is no such a gamma-ray in the 
aeighbourhood of these gamma-rays as to 
‘frause a deviation of a peak in the scintillation 
pectrum. It can be concluded that the 3.161 
eV level found by Mazari, et al. differs from 
’ pihe Salt MeV level in the decay of Mn over 


c.p.m. 


Cc 
=f 
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L 
500 1000 
Energy (keV) 
Fig. 12. Gamma spectrum of Mn*2. A, B and C 
indicate the gate-windows for the angular cor- 


relation. 


The intensities of the three gamma-rays 
were estimated to be nearly equal, using the 
energy-efficiency curve of the scintillation 
counter. Besides, the levels of 2.648, 2.767, 
2.965 and 3.161 MeV found by Mazari, et al. 
and shown in Fig. 1 may cause weak gamma- 
rays other than the main three, if they have 
appropriate spins and parities. We attempted 
‘the search of weak gamma-rays between 
(0.94~1.43 MeV, comparing the shape of the 
11.435 MeV gamma-ray spectrum with that of 
‘the 1.12 MeV gamma-ray of Zn** and estimated 
‘their intensities less than 10 percent at most. 

The energy range higher than 1.435 MeV 
was swept carefully, using the 13” x1li” 
Nal(TI) scintillator and 20-channel P.H.A. A 
weak 1.73 MeV gamma-ray was found in this 
way. Fig. 13 is the result of the more 
detailed measurement of this gamma-ray by 
use of the 3’ x3” scintillator and the single 
channel P.H.A. The intensity is estimated 
as about 0.5 percent of the main gamma-rays 
from Fig. 13. 

(2) Coincidence spectra Coincidence spectra 
were observed using 20-channel P.H.A. Open- 
ing a gate window at the full width of the 
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1.435 MeV photo-peak, the coincidence spec- 
trum of the annihilation, 0.747 and 0.938 MeV 
gamma-rays were observed in the range lower 


3 1.435 MeV 
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Fig. 138. Weak high energy gamma-ray of Mn*. 
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Fig. 14. Gamma-ray spectrum coincident with the 
1.435 MeV gamma-ray of Mn*. 
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than 1MeV. The coincidence of the 0.747 
MeV gamma-ray with 0.938MeV was also 
confirmed. These facts show the main three 
gamma-rays are successive. Fig. 14 is a 
coincidence spectrum with a gate window 
opened at the higher side of the photo-peak 
of 1.435MeV gamma-ray. This shows weak 
1.33 and 1.2MeV gamma-rays about 5 and 3 
percent of the main three, respectively. 
ee ahopees 

(1) Single spectra Fig. 15 shows single and 
summing spectra of chromium foils bombarded 
by deuterons as stated in §2. The Nal(TI) 
scintillators were of 13x13” and 3” x3”. 
The latter was placed at 30cm as well as 0.5 
cm in front of the sources for the purpose to 
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Fig. 15. Gamma-ray spectra of Mn:2™, A jindi- 
cates single spectrum, and B summing spectrum. 
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identify summing peaks. | 

Both the 1.435MeV and the annihilation) 
gamma-rays decayed with the half-life of! 
Mn:2™ at the start, and with the half-life of [ 
Mn*? after a few hour. The decay curves of! 
these two gamma-rays are shown in Fig. 16,, 
from which the half-life of Mn®™ 21+1 min 


is obtained. 
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Fig. 16. Decay curves of the 1.435 MeV and the | 
annihilation gamma-rays of Mn?™, A indicates | 
the decay curve of the 1.435 MeV gamma-ray, 
and B the decay curve of the summing peak 
of the two gamma-rays. 
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The search of weak gamma-rays was tried| 
with the two methods corresponding to the: 
energy regions lower and higher than the! 
energy of the annihilation gamma-ray. For’ 
the higher region shapes of spectra were: 
compared with those of known single gamma-: 
rays, and several weak gamma-rays were: 
found between 0.511 and 1.435 MeV, but they’ 
could not be said to be conclusive. For the: 
lower region, on the other hand, the method 1 
of such simple comparison as the above-- 
mentioned is practically impossible, because: 
the region is covered by the strong Compton) 
peak of the annihilation gamma-ray. We: 
eliminated the effect of the annihilation gam-. 
ma-ray with the same method as used for the: 


fas possible. The 13x14” Nal (TI) scintil- 
| lator was covered by the lead shield of 20cm 
‘® thickness with a collimating hole of lcm 
| diameter. The sourse was placed at 30cm 
| in front of the scintillator and the positrons 
} were stopped just before the hole by the 
| plastic plate of 1cm thickness. Fig. 17 is 
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Fig. 17. Gamma-ray spectrum of Mn®2™. Curve 
A shows the spectrum measured with the plastic 
| plate, Curve B the spectrum without the plate, 
. and Curve C the ordinary spectrum of the 
J source in a glass vessel without the lead shield. 


the obtained result, which shows distinctly 

- the 0.383MeV gamma-ray, in comparison with 
the spectrum of the source in a glass vessel 
without the lead shield which is shown in Fig. 
15. The half-life 23+:4min of this gamma- 
ray was also checked. From the relative 
intensity to the 1.435MeV gamma-ray, the 
branching ratio of the 0.383 MeV gamma-ray 
to the positron decay plus the electron capture 
could be estimated as 2-1 percent considering 
the efficency of the detector, and the partial 
half-life of gamma transition not containing 

conversion electrons as 18 hours. 
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(2) Coincidence spectra Coincidence spectra 
were observed using the 13’” x13” scintillators. 
The gate-windows were opened at the full 
width of the photo-peaks of 1.435 and 0.511 
MeV as well as the high energy and the low 
energy sides of the photo-peak of 1.435 MeV 
and near 1.2MeV. Fig. 18 is the result of 
the former case, shows the some of these 
coincidence spectra compared with the single. 

From those experiments, the coincidences 
of the positrons with the 1.435 MeV gamma- 
ray were confirmed and several weak gamma- 
rays were found as_ follows: 0.70(3%), 
0.94(4%), 1.028%), 1.15(2%), 1.37(%) and 1.52 
MeV(2%). The percentages in parentheses 
are ratios of those intensities to the intensity 
of the 1.435 MeV gamma-ray. However, 
statistial errors were large, the decisive con- 
clusions were difficult. 


500 1000 1500 
Energy (keV) 


Fig. 18. Single and coincidence gamma spectra 
of Mn2™, (a) Single spectrum. (b) Coincidence 
spectrum with the 1.435 MeV photo-peak. (c) 
Coincidence spectrum with the 1.2 MeV region. 


§6. Directional Angular Correlation 
6.1 Experimental results 

The directional angular correlation among 
the three gamma-rays were observed. As 
mentioned in §2, the admixture of V“ is a 
serious obstacle, especially for the observation 
of the angular correlations. The source of 
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present measurement was prepared carefully 
in this point. 

The gate-windows were set at the full width 
of the respective photo-peaks indicated by 
arrows A, B and C in Fig. 12. Combinations 
of the gate-windows are denoted by B-C, 
A-C and A-B. Of the three combinations, 
B-C of the two higher energy gamma-rays 
are not questionable in the following means. 
But the combinations A-C and A-B are not 
simple. Some parts of the Compton-peaks of 
the higher energy gamma-rays always pile up 
on the photo-peaks of the lower energy gam- 
ma-rays. Therefore, the counting rates of 
A-C and A-B are complex ones which are 
dependent upon the Compton as well as the 
photoelectric cross sections of the three gam- 
ma-rays. Though the correction in this point 
is difficult, it can be said that, in a special 
case where the observed three angular correla- 
tions are equal to each other, the correlation 
functions of three gamma-rays themselves are 
common and this correction becomes unneces- 
sary. The results in Fig. 19 and Table 6 show 
that the observed correlations differ only 
slightly with each other and are relatively 
close to the theoretical for the spin-multipole 


c.p.m. 


90° 


120° 
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Fig. 19. Angular correlations of the three gamma- 
rays of Mné2, 
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sequence J+2(2)/(2)/—2. However it will be 
noticeable that the combination B-C, which is 
expected to be not disturbed by other gamma- 
rays, deviates from the other two observed 
and the theoretical correlations beyond the 
experimental error. 
6.2 Analysis 

Generally, for three quadrupole gamma-rays 
v1, 72 and 7s emitted succesively with dipole 
mixing it can be said as follows. Measure- 


ments of the three combinations of them 71-72, © 


yi-ys and 7o-ys are possible. Assume each of 
three has a correlation function close to the 
theoretical one for J+2(2)/(2)/—2, as the 
present case of Mn’°?. 
sequences J+1(1+2)J(2)/—2 and J(1+2) /(2)J— 
2 give same correlation functions as that of 
J+2(2)/(2)J/—2 within the usual experimental 
error, if the mixing ratios are appropriate. 
However, in the case of the triple cascade 
with the same correlation functions the pos- 
sibilities of the mixed transitions can be 
excluded, except for the case where the only 
first gamma-ray is mixed, similarly the only 
third is so. 


Table VI. Angular correlation coefficients 
of Mn®, 
e = at ge 
Ao Ag 
Teor. | J+2(2)J(2)J—2 0.1020 | 0.0091 


0.938—1.435 0.0794+0.013 0.003+0.018 


Exp. 
| 0.747—1.435 0.102+0.019 —0.003+0.036 


0.747—0.938 0.114£0.018 0.005+0.034 


In the case of Mn*?, the spin and parity of 
the ground state of Cr°? is 0+, and then 7s 
must be a pure multipole. Hence 72 and 7s 
are pure quadrupole transition from Table IV, 
but 7: is a pure or mixed quadrupole transi- 
tion and the spin of the third excited level is 
not determined uniquely. As a consequence 
it can be concluded that following four se- 
quences are left as possible, 6(2)4(2)2(2)0, 
9(2+1)4(2)2(2)0, 4(2+1)4(2)2(2)0 and §=3(2+ 
1)4(2)2(2)0.. In §7 we shall compare these 
results with the values of the internal con- 
version coefficients and determine the third 
level spin. 

Far the fact that the coefficients A» and 
A, of the combination y2-7; are slightly smal- 
ler than those of the other combinations and 
the calculated, several reasons can be con- 


It is noticed that two — 


‘} not the second and the third levels. 


| 1960) 


‘|sidered as follows: (1) The half-life of the 
j 1.435 MeV level may be relatively long. (2) 
|The atomic excited or ionized state after the 
“|decay may have a sufficiently long life and 
“lan intense field of the extranuclear effect. 
This effect is often remarkable for the electron 
jcapture. (3) Some weak gamma-rays other 
‘\than the main three cause A, and A; to at- 
“|tenuate. The first and the second reasons are 
‘}unnatural. Because, estimated half-lives of 
»}excited levels of about 1 MeV in nuclei near 
'|Mn*? are so short that they can not cause 
‘}small Az and A, unless perturbing field is 
extremely intense. It is confirmed by the 
i} observed half-life of order 10-'* sec by the 
*}method of the resonance fluorescence!®). It 
‘is also difficult to consider that the extra- 
‘nuclear field due to atomic excited levels 
| perturbes the first excited level only and does 
The 
| third reason seems to be relatively natural. 
As stated in §5, we found weak gamma-rays 
of 1.33 and 1.2MeV which were coincident 
with the 1.435 MeV gamma-ray. If an appro- 
priate decay scheme was assumed, the expla- 
nation of this attenuation was possible. 


§7. Discussions 


According to the j-7 coupling shell model, 
auCr2 is the nucleus, of which neutrons fill 
the f7/2 orbit and protons leave four holes in 
the same orbit. Therefore, low lying excited 
states of this nucleus seem to be attributable 
to the proton excitation. Levels of the 
neutron excitations will come higher than a 
few MeV. The application of the shell model 
- is considerably successful in the region near 

Cr®?. From the viewpoint of the collective 
model Cr*? is a neutron magic number nucleus 
for which vibration of spherical core may be 
considered to be pertinent. This model, 
however, has not yet succeeded in the Cr*? 
region. The nuclear structure of this region 
is not discussed here in detail, but will be an 
interesting problem in future. 

a2Mn® is the odd-odd nucleus, of which 
neutrons and protons have one and three holes 
in the fz/2 shell respectively. Thus the ground 
state spin of Mn** must be larger than zero, 
obeying the Nordheim’s weak rule. 


7.1 Beta-decay . 
Using our values of maximum energies of 


positron spectra, the log ft values of Mn*? 


Mn® and Mn2m 
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and Mn*?™ were determined as 5.4 and 5.3 
respectively. For the half-lives, 5.72 days 
reported by Backofen and Herber") for Mn*? 
and 21min of the present measurement for 
Mn*™ were adopted. From the values of log 
ft and the shapes of the spectra shown in 
Figs. 5 and 9, both transitions are allowed, 
i.e., 4J=0, +1 and no parity change. 

In addition, we can estimate that low energy 
components of the beta-rays are less than 10 
percent from the shapes of both spectra. 


7.2 Isomeric transition 

The energy and intensity of the gamma-ray 
of the isomeric transition were measured. 
The transition is £4, £5 or M5 from K/L+M, 
as shown in Table V. The partial half-life of 
the gamma-transition were estimated as 6 x 104 
sec. Compared with the single particle esti- 
mate the transition is #4 or M4. As men- 
tioned in §4.1 the three combinations of 
multipolarities are possible for the three 
gammma-rays. For any one of these com- 
binations the 1435keV and 3120keV levels 
have same parities. Thus the parities of Mn*? 
and Mn*?™, which decay to the levels of same 
parities through the allowed transitions, should 
be the same. Therefore, the isomeric transi- 
tion is concluded to be E4. 

If the first excited state of Cr*? has even 
parity, it can be decided the parities of Mn* 
and Mn*?™ are even. 


7.3 Excited states of Cr* 

The energies of the gamma-rays from Mn*? 
were precisely measured. The obtained levels 
except the 3120keV level agree well with 
those of Mazari, et al. The 3120keV level 
differs from 3160 keV level of Mazari, et al. 
beyond the experimental error. 

We conclude that there are close lying two 
levels. The 3120keV level was not excited 
in the experiment of Mazari, ef al. It is 
interesting that protons of a few MeV do not 
excite such a high spin level, as infered from 
the multipolarities of the triple cascade gam- 
ma-rays. 

The spins and parities of the levels 1435, 
2373 and 3120keV were decided as follows. 
The relative ratio of the internal conversion 
coefficients and K/L+WM@M of the three gamma- 
rays led to the conclusion that their 
multipolarities are restricted to the three 
combinations: £2-E2-E2, M2-M2-M2 and 
E2-E2-M1(§ 4.1). By the experiment of the 
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angular correlation, the gamma-ray from the 
first excited level was decided to be quadru- 
pole, using the ground state spin o1ezeros 
The three gamma-rays was restricted to either 
E2-E2-E2 or M2-M2-M2. This was con- 
sistent with the result of the angular correla- 
tions (§ 6.2). The correlation experiment can 
decide uniquely the spin values of the excited 
levels except that of the 3120keV level. 
Besides, from the well-established systematics 
that both the first excited and ground levels 
of even-even nuclei have even parities, the 
combination M2-M2-M2 is excluded and the 
spins and parities become (3, 4, 5 or 6)+,4+, 
23- and 0+. 

As the positrons from Mn*™ decay to the 
first excited level but do not to the ground 
level, the spin and parity of Mn*?™ will be 2 
or 3+. As the transition from Mn*?™ to Mn*? 
is £4 (§7.2), the spin and parity of Mn*? is 6 
or 7+. On the other hand the 0.94MeV 
gamma-ray of about 4 percent which is pre- 
sumably emitted from the second excited level 
was present in the coincidence spectra (§ 5.2). 
This gamma-ray can be considered to follow 
the beta transition to the second excited level, 
of which the weak positron spectrum was not 
observed because of its low intensity. If it 
is so, long ft for the beta transition to the 
second excited level is 5.8, and the spins and 
parities of Mn*?™ and Mn* are reasonably 
assigned to be 3+ and 7+ rather than 2+ 
and 6+. 2+ and 6+ cannot, however, be 
excluded from the discussion in §7.4. In 
addition, Jeffries, et al.*) obtained the spin 6 
for Mn* from the paramagnetic resonance 
measurement. Then, the spin and parity of 
3120 keV level of Cr®? is restricted to 5, 6, 7 
or 8+ by the above-mentioned spin and parity 
of Mn* and the selection rule of beta-decay. 
Combining above two discussions, the spins 
and parities of the levels of Cr®? are concluded 
to be (5 or 6)+, 4+, 2+ and 0+. 5+ of:the 
3120 keV level is excluded from a following 
reason. If 5+ is assumed the mixing ratio 
E2/M1~0.08 of the 747keV gamma-ray is 
necessary in order to explain the angular cor- 
relation experiment. Such a dominance of 
M1 is inconsistent with the result of the 
relative internal conversion ratio. 

It should be emphasized that the above 
arguments are based upon our observed results 
using only two assumptions, the even parities 
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of the first excited and ground states of the? 
even-even nuclei. Our final results agree well 
with the experiment of Huiskamp, e¢ al.° for: 
the distribution of the gamma-ray from polar-- 
ized nuclei. 


7.4 Week gamma-rays | 

As stated in §5, many weak gamma-rays: 
other than the main three were found. As; 
preliminary interpretations, it is tried to con- 
nect these gamma-rays with levels found by) 
Mazari, et al. 

The 1.73 MeV gamma-ray from Mn* can be: 
regarded as the transition between the 316i] 
and 1435keV levels. Considering the 1435) 
keV level of 2+ and the selection rule of! 
beta-decay, the spin of the 3161 keV level is 
presumably 3 or 4. 


O+ 


52 
Cr 


Fig. 20. Tentative decay scheme for the weak 
gamma-rays of Mn52m, 


The 1.2 and 1.33MeV gamma-ray of Mn? | 
which are coincident with the 1.435MeV _ 
gamma-ray can be interpreted to be the transi- 
tions trom the 2648 and 2767 keV level to the | 
1435 keV level. Assuming that the transitions | 
from the 3120keV level to both levels are 
£2, the observed branching ratios of the two 
weak gamma-rays to the 0.747 MeV gamma- 
ray from the 3120keV level are agree with | 


| the single particle estimate. Then the as- 
‘isignment of 4+ to the both levels found by 
‘! Mazari, et al. seems to be reasonable. 

| For Mn*™ the transitions of the 1.52, 1.37, 
£1.15 and 0.94MeV gamma-rays, which are 
coincident with the 1.435 MeV gamma-ray, can 
be interpreted as those from the 2965, 2767, 
) 2648 and 2373 keV levels to the 1435 keV level. 
) The left weak 0.70 and 1.02 MeV gamma-rays 
i) cannot be explained by use of the known 
| levels. Assuming a new level of 3.67 MeV, 


i) talerror. The beta transition to the 3.67 MeV 
level gives rather small log ft value 4. 

| One the other hand the low energy gamma- 
i rays from Mazari’s level to the 2767 and 2373 
| keV levels were observed within the upper 
| limit of 1 percent. The gamma-rays from the 
| 3.67 MeV level to the 2767keV and 2373keV 
levels could not be distinguished from the 1.37 
| and 0.94MeV gamma-rays which were as- 
sumed to be emitted in the transition from 
| these two levels to the 1435keV level. Thus 
| the decisive conclusion could not be obtained 
| for the beta transition to the 2373 keV level 
as mentioned in §7.3. 


Acknowledgement 


The authors would like to thank Prof. S. 
Kikuchi, Prof. T. Wakatsuki, Prof. J. Itoh and 
the members of the cyclotron group in Osaka 
University for their helps and interests. They 
are also indebted to Dr. J. Sanada for his 
contribution to the construction of the spec- 
trometer and to Prof. K. Otozai, Mr. S. Kume, 
“Mr. S. Iwata, Mr. Y. Yamamoto and Mr. I. 
Fujisawa for the chemical separation. 


Mn and Mn52m 


1) 


2) 


3) 


4) 


9) 


6) 


7) 


8) 


9) 


13) 


16) 


2153 


References 


K. Way, R. W. King, C. L. McGinnis and R. 
van Lieshout: Nuclear Level Scheme, A= 
20—A=92 (United States Atomic Energy Com- 
mission, June 1955). 

D. Strominger, J. M. Hollander and G. T. 
Seaborg: Rev. Mod. Phys. 30 (1958) 585. 

M. Mazari, W. W. Buechner and A. Sperduto: 
Phys. Rev. 107 (1957) 1383. 

M. Abraham, C. D. Jeffries, R. W. Kedzie and 
O. S. Leifson: Bull. Am. Phys. Soc. Ser. II, 
2 (1957) 382. C. D. Jeffries: Phys. Rev. 117 
(1960) 1056. R. W. Kedzie and C. D. Jeffries: 
private communication. 

W. J. Huiskamp, A. N. Diddens, J. C. Seve- 
riens, A. R. Miedema and M. J. Steenland: 
Physica 23 (1957) 605. 

P. Kafaras and J. W. Irvine, Jr.: 
104 (1956) 703. 

S. Kikuchi, T. Wakatsuki, S. Yamaguchi,: Y. 
Oda, J. Sanada, S. Yamabe, Y. Yoshizawa, M. 
Takeda, M. Nozawa, E. Okada, Y. Hirao, S. 
Kobayashi, M. Kondo, S. Ozaki, T. Katoh, K. 
Okano, S. Kato, C. Hu and Y. Koh: Ann. 
Rep. Scient. Works Fac. Sci. Osaka Univ. 3 
(1955) 1. 

K. Otozai, S. Kume, S. Iwata, Y. Yamamoto 
and I. Fujisawa: Isotopes and Radiation (To- 
kyo) 1 (1958) 39. 

A. Hedgran, K. Siegbahn and N. Svartholm: 
Proc. Phys Soc. A63 (1950) 960. A. Hedgran: 
Ark. f. Fysik 5 (1952) 1. 

T. Katoh, M. Nozawa, Y. Yoshizawa and Y. 
Koh: J. Phys. Soc. Japan 13 (1958) 1410. 

E. W. Backofen and R. H. Herber: Phys. Rev. 
97 (1955) 743. 


Phys. Rev. 


M. E. Rose: Internal Conversion Coefficients 
(North-Holland Publishing Co., Amsterdam, 
1958). 

M. E. Rose: private communication. 


M. Nozawa, H. Yamamoto, Y. Yoshizawa and 
Y. Koh: J. Phys. Soc. Japan 15 (1960) 2137. 
S. Ofer and A. Schwarzschild: Phys. Rev. 
Letters 3 (1959) 384. 

P. Brix, J. T. Eisinger, H. Lew and G. Wessel: 
Phys. Rev. 92 (1953) 647. 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 12, DECEMBER 1960 


Polarization of Protons Scattered from Complex Nuclei 
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The experimental results for the angular dependence of polarization of 
elastically scattered protons from carbon at 14 and 16 MeV, and the 
polarization at 45° laboratory angle in the elastic scattering by 12 target 
nuclei at the energy of 12~17 MeV are described. Qualitative agreement 
with the calculation in terms of optical potential with spin-orbit interaction 
is obtained for elastic scattering of protons by carbon. 


§1. Introduction 


In recent years the measurements" of the 
polarization of nucleons scattered from nuclei 
have been performed at low energy region. 
From these experiments large amounts of 
polarization have been observed which are 
unexpected from the extrapolation of some high 
energy experiments’. This indicates that the 
spin-orbit interaction plays an important role in 
nucleon scattering phenomena as in bound 
nuclei, and some analyses'”.'” in terms of 
optical potential with spin-orbit component 


have been performed. 

The experimental results for the angular — 
dependence of polarization of elastically scat- 
tered protons from carbon at 14 and 16 MeV, 
and the polarizations at 45° laboratory angle 
in the elastic scattering by 12 target nuclei at 
the energy of 12~17 MeV are described in this 
paper. 


§2. Experimental Procedure 


This experiment was performed using the INS 
160 cm variable energy cyclotron of University 


SECOND SCATTERING 


CHAMBER B 
NUCLEAR PLATES 


ALPHA BEAM 


MONITOR COUNTER 


SECOND SCATTERING CHAMBER A 


Fig 1. The second scattering chamber A is for the measurements of the left-right asymmetries 
by cesium-iodide scintillation counters. The chamber B shows a part of the arrangement used 
for the measurements of the angular dependences of the left-right asymmetries by nuclear emul- 
sion. The details such as the shield and the pumping system are not shown in this figure. 
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' chamber. 
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of Tokyo. The experimental arrangement is 
shown in Fig. 1. 30~40 MeV a particles were 
extracted from cyclotron, focused by a pair 
of quadrupole magnets and a sector magnet, 
_and led through the vacuum pipe to the first 
scattering chamber in the next room. The 
entrance window of the first scattering cham- 
ber was stainless steel foil of 30 mg/cm? and 
its diameter was 2.0cm. The beam spread in 
the scattering volume of the first scattering 
chamber was adjusted to 8mm width and 10 
mm height by a pair of slits in front of the 
chamber. The beam, passed through the first 
scattering chamber and exit window of a stain- 
less steel foil, entered into a system of Fara- 
day cage. The beam current, about 0.3 4A, 
was integrated by a conventional integrator 
' circuit, and a small fraction of this beam was 


} led through a aluminum foil to outside of the 
} vacuum system and its energy was determiined 


by measuring the range in aluminum. 

The first scattering chamber was filled with 
tank hydrogen gas 5 to 10 atmospheric pres- 
sures. Protons recoiled to +25° with respect 
to the direction of the incident a particles, 
passed through the stainless steel foil (30 
mg/cm?) and collimator system, were led to 
the evacuated second scattering chamber. The 
energy of these recoil protons was varied 
from 12MeV to 17MeV by changing the 
primary energy of a@ particles and the pres- 
sure of hydrogen gas of the first scattering 
These protons are expected to be 
nearly completely polarized from the phase- 
shift analysis of the p-He scattering experi- 
ments”’*’. 
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At the center of the second scattering 
chambers the foil targets (Be, C etc.) were 
placed. The recoiled beams were collimated 
to 10mm x 20 mm at the target position. These 
second scattering chambers and collimator 
systems were carefully aligned within +0.5°. 

Changing the energy of the recoiled protons, 
excitation functions of the left-right asym- 
metries of the second scattering were meas- 
ured by cesium-iodide scintillation counters 
combined with 6342 photomultiplier tubes 
which were set at +45° to the direction of 
the recoiled proton in the second scattering 
chamber. The scintillation counters could be 
exchanged to each other, and no systematic 
error could be found in this system. The 
target and the slit system were set in ditches 
which were concentrically machined in the 
bottom of the chamber. This slit system was 
a cylinder of llcm dia. which had four 
windows in the middle of its height, entrance 
and exit holes and two circular slits of 1.5 
cm dia. Geometrical asymmetries were check- 
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Fig. 2. The energy spectrum of the recoil pro- 
tons. 


Table I. Polarization (%) of protons elastically scattered from nuclei 
at 45° in the laboratory system. 

Ep (MeV) es 14.3 14.8 | 15.9 | 16.9 
Be ity | 31 041.5 —30.4+1.8 yal fea OE | — 60) lays | —24.6+1.9 
C = NG Ose 3} —51.44#1.9 —50.4+1.0 —54.6+1.6 —47.1+1.6 
Mg —16.7+3.8 —9.3+4.1 
Al —8.0+4.3 
Ti —6§.3+42.9 +9.5+3.9 
Ni =O) Sseilss) SOE Sere 
Gu | —11,341.6 —13.2£2.1 
ne | —9.441.9 —18.5+2.3 
Cd —11.6+2.1 
Sn —15.042.1 
a ees a —6.441.6 | -6.341.8 een er, 
Pb —0.8+1.1 | —0.9+2.1 
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ed by inversing this cylinder, and satisfactory 
results were obtained. Pulses from the counters 
were amplified and analyzed by 20 channel 
pulse height analyzers. 

A small fraction of the recoiled proton beam, 
which entered into the second scattering 
chamber, was led through a aluminum foil at 
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Ep=48 MeV 
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10 20V 


Pulse '° Height 


Fig. 3. Pulse height spectra of the polarized 
protons scattered by C. 
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the end of this chamber to outside of the 
vacuum system, and the energy spectrum of 
the recoil protons was measured by a scintil- if 
lation counter and is shown in Fig. 2. / 

The angular dependences of the left-right 
asymmetries of the second scattering were | 
measured by nuclear emulsion, in this case 
plate holders were placed in the second scat- 
tering chambers. We used two plate holders 
the one is for both forward and backward 
angle, the other is for around +90°. The » 
angular range covered was +30° to 160° by 
an interval of 10° in the laboratory system. 
The glancing angle of the plates was 10° and 
overall angular resolution was +3°. We used — 
Ilford C-2 200 plates of 1’°x3”. 
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Fig. 5. Excitation function of the polarization of 
the elastically scattered protons from Be. 
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Fig. 6. A typical histogram of the protons scat- 


tered by C. 
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$3. Results and Discussion 


The measured left-right ratio R of the scat- 
gered intensities in the second scattering is 
»*xpressed by the product of the polarization 
pf the first and the second scattering as the 
‘Vollowing relation 


where P: and P: are the polarization of the 
first and the second scattering, respectively. 
The sign convention for the polarization is 
tcthat the positive direction is that of Rinc x ksc, 
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Fig. 7. The angular dependence of the polariza- 
tion for C at 14 MeV. 
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Fig. 8. The angular dependence of the polariza- 
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MeV. 
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where inc and Rsc are the incident and scat- 
tered wave vectors, respectively. We assumed 
that P: was equal to +100% which was not 
contradictory to both a direct measurement?) 
and a calculation from the value of the scat- 
tering phase-shift, then P2 could be obtained. 

The results obtained for elastically scattered 
protons using scintillation counters are listed 
in Table I and typical pulse height spectra 
are shown in Fig.3. Errors indicated are only 
statistical ones throughout this article. The 
scattering angle was 45° in the laboratory 
system and the values of the proton energy 
were expressed approximately at the center 
of the target. It is noticeable that all the 
values except the one for Ti at 16.9 MeV have 
negative sign. In Figs. 4 and 5 excitation 
functions for C and Be are shown with other 
results in this energy region. 


C(p,p) C Ep=14 Mev 


$ Nuclear Emulsion 


QO Scintillation Counter 


Polarization 


1 Ke) 


ee? eS ee i ted 


o° S02 60° 90° 120° 1502 = {s8'0* 


@cm 
Fig. 9. Comparison with optical model calcula- 
tion. Theoretical prediction given by Erickson 
and Cheston is indicated. 


The angular dependence of the polarization 
for elastically scattered proton from C at 14 
and 16 MeV was measured by nuclear emul- 
sion. A typical histogram is shown in Fig. 6. 

The results of the angular dependence of 
the polarization are shown in Figs. 7 and 8. 
These angular dependences were very similar 
in shape to each other. The result obtained 
by Brockman”? at 17.7MeV was also very 
similar to our present results, and these cir- 
cumstances are shown in Fig. 8. From these 
facts we may conclude that the energy 
dependence of the polarization of protons 
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elastically scattered from C is not so remark- 
able in this energy region. 

Theoretical calculation using the optical 
model with spin-orbit potential for 14 MeV 
proton on C was given by G. W. Erickson 
and W. B. Cheston!?), and our result at 14 
MeV can be fitted qualitatively with this cal- 
culation, as shown in Fig. 9. In this figure, 
theoretical prediction by Erickson and Cheston 
is shown by solid curve. The optical potential 
adopted in the calculation is 


V7, 2) 


=VAr)+[(V+iW)+(v+iw)6L] : 


1 + e(7-B)/a 2 


where V.(7) is the Coulomb potential. The 
values of the parameters are as follows, R= 
DSA Ein, w= AIS ecm, Weal 
MeV, W=—8.5 MeV, v=—2MeV and w=0. 


Table II. The left-right asymmetries (%) for 
inelastically scattered protons from C!2(Q = —4.43 
MeV). 


| 15.9 16.9 


Ep (MeV) | 14.8 


asymmetry —39/A+2.69 =32.6-£33 | =41.342:5 


The left-right asymmetries at 45° laboratory 
angle for inelastically scattered protons from 
C? (Q=—4.43 MeV) are listed in Table II. 
As to the angular dependence we could not 
obtained reliable data because of the large 
background of neutron and ;-radiation. 
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Excitation functions for the alpha-particle induced reactions on Ni®8, 
Ni®, Nis, Nis? and Nié# have been measured at incident energies up 
to 40 Mev. The sum of the measured cross sections for Ni appears to 
agree with the total reaction cross section calculated from the continuum 
theory for r>=1.7xX10-18cm. The sum almost agrees with the optical- 
model analysis of reaction cross section for alpha-particles by Igo, but 
his prediction seems to give a little higher value. In the excitation 
function for the (a, an) reaction on Ni5®, there is a small “knee” im- 
mediately after the effective threshold (around 23™Mev). The alpha- 
particle reactions on Ni®® have been compared with the proton reactions 
on Cu®, the compound nucleus Zn*! being the same for two cases. The 
prediction from the compound nucleus theory seems to hold roughly, and 
it seems inadequate to discuss strictly whether the discrepancy in ener- 


§1. Introduction 


Present author and his colaborators'!-*) are 
‘studying systematically the cross sections of 
alpha-particle reactions on medium-weight 
nuclei at intermediate energies. As a part 
of their systematic study, the excitation func- 
tions for the reactions listed in Table I have 
been measured in this study for alpha-particle 
energies up to 40 Mev. 


Table I. List of the reactions studied. 


pT t : 
cide Type of Reaction 
Ni5s a, pta, n), (a, pnt+a, 2n), (a, ap), 
(a, an), (a, apn), (a, a2n) 
Ni60 a, nN); (a, pn), (a, 2n), (a, apn); 
(a, p2n+a, 3n) 
Nist | (a, p) 
Nis Qa, n), (a, pn), (a, ap) 
Nié4 ap); (a, on) 


Recently, Houck and Miller®) measured the 
excitation functions for the (a, ap), (a, an), 
(a, apn) and (a, a2n) reactions on Ni** for 
alpha-particle energies up to 40Mev. They 
compared the ratios of o(a, ap)/o(a, an) and 
o(a, apn)/o(a, a2n) for Ni®® with those of 
o(a, p)/o(a, nm) and o(a, pn)/o(a, 2n) for Fe, 
respectively. They themselves and also Dos- 
trovsky, Fraenkel and Friedlander® discussed 
their results in terms of the evaporation 


gy is significant. The same is observed in the comparison between the 
alpha-particle reactions on Ni® and the proton reactions on Cu®. 


theory of compound nucleus. The (a,p/+a,m) 
and (a, pn+a, 2n) reactions on Ni*® have been 
also measured in this study. The sum of 
the measured cross sections has been com- 
pared with the total reaction cross section 
predicted by the continuum theory and by the 
optical model analysis. 

The alpha-particle reactions on Ni®® and 
the proton reactions on Cu®* were previously 
measured by Ghoshal”. They gave the ex- 
perimental evidence for the Bohr’s compound 
nucleus hypothesis to the medium energy 
region. It has been pointed out, however, by 
Eastman, Isenor, Bainbridge and Duckworth® 
and also by John” that the energy shift re- 
quired to fit Ghoshal’s experiment to the 
compound nucleus theory is not exactly equal 
to the value derived from mass measurement 
The measurement of the alpha-particle reac- 
tions on Ni®®, after Ghoshal’s work, would 
be of use to examine this discrepancy. The 
similar discrepancy was shown, very recently, 
by the present author and his colaborators* 
for the comparison between the alpha-particle 
reactions on Fe®* and the proton reactions on 
Co. Further, the comparison between the 
alpha-particle reactions on Ni® in this study 
and the corresponding proton reactions on 
Cu®*> would be of use for the test of this dis- 
crepancy. 

Very recently, McGowan, Stelson and 
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Smith measured the cross sections for the 
reactions Ni®*(a, )Zn, Ni8(a, p+a,n+a, 7), 
Ni®%(a, 2)Zn® and Ni®(a, 2)Zn® up to La= 
11.0 Mev. And present results are compared 
with theirs. 


$2. Experimental 


The bombardments were performed with 
the external alpha-particle beam from the 160 
cm INSJ variable energy cyclotron by means 
of a stacked-foil technique. The stack of the 
target foils was placed at the bottom of the 
long cylindrical cup which was served also as 
a Faraday cup. The beam was measured by 
a 100% feed-back type current integrator. 
Each stack generally consisted of 10 to 12 
target foils which were interspaced with 
aluminum absorbers. The value of the ener- 
gy loss of alpha-particles in aluminum absor- 
ber was taken from the works of Bichsel, 
Mozley and Aron’, Burkig and MacKenzie!” 
and of Sternheimer), whereas that in nickel 
target was calculated from the stopping po- 
wer formula of Bethe etal. using the estimat- 
ed mean excitation potential; J=13Z (ev) 
and Z=28. In different experiments, the ini- 
tial alpha-particle energies were 40.0, 38.5, 
32.0 and 31.3Mev, and energy region was 
overlapped in different runs by a few Mev. 
After the bombardment, the target foil was 
dissolved in acid and nickel, cobalt, copper 
and zinc were chemically separated by means 
of an anion exchange resin. Each fraction 
was then submitted to counting. For the 
shorter-lived nuclides (mainly for Cu%, Cus? 
and Zn**) short time irradiation (from 30 se- 
conds to a few minutes) was performed se- 
veral times with 5 to 6 target foils in the 
stack. The  shorter-lived activities were 
counted, with and without a chemical separa- 
tion. Copper and zinc were separated from 
nickel and other constituents by means of an 
organic co-precipitation method.'t) The 
Chemical process completed within 25 minutes. 
A more detailed description of the bombard- 
ing system is given in the previous reports!.'°, 
and that of the chemical procedure in the 
Appendix. 

The targets consisted of natural-nickel foils 
(8.70.2 mg/cm?) whose impurities were 
chemically analyzed. 

The disintegration rates of the residual nu- 
clides were determined with a calibrated GM 


Shigeo TANAKA 


(Vol. 15} 


Table II. Impurities of natural-nickel target. 


Impurity | (E | Si | Mn Co | Fe | Mg 


i 
Content (%) 0.02 | 0.03 | 0.05 0.05 0.01 | 0.11 


counter, a 478-counter and an (1—3/4 in. dia.) 
x2in. high, 1—1/2in. dia.x1 in. high and 
well-type) Nal scintillation counter. The 


counting technique and the calibration method | 


are presented in detail in the Appendix. 


§3. Results and Discussion 

Reactions of Ni*® 

The excitation functions for the alpha-par~ 
ticle reactions on Ni®® are shown Fig. 1 anc) 
Fig. 2, which also include the estimated error 


Pe 
‘cael 
g 
: ii 
5 | 
oe 
nor 
gE 
Oo c McGowan 
ef al. 
+ 
Oe eee 
(3) 10 His) 20 (25) 30 Sis) 40 
(Ea)lab. (Mev) 
Fig. 1. Excitation functions for the alpha-particle 


reactions on Ni58. (Part 1) 
@ Ni®8(a, p)Cust+Ni58(a, n)Zn%. 
O Nik8(a, pn)Cu%+Nid8(a, 2n)Zn%. 
--- (a, p+a, n+a, 7) measured by McGowan 
et al.10) 
- Estimated curve of o(a, p+a, n) after sub- 
traction of the contribution from the re- 
actions Ni (a, »2n)Cu® and Ni®(a, 37)Zn*. 


of the magnitude of cross section and the 
energy spread in target foil for some ex- 
perimental points. The cross sections mea- 
sured by McGowan, Stelson and Smith” for 
the low-energy part of the (a, p+a,n+a, 7) 
reaction agree well with the present results. 
(See: Fig. 1) Natural-nickel was used as tar- 
get material; hence the (a, p+a, m”) cross 
section for Ni®® and the (a, p2n+a, 3”) cross 
section for Ni®® could not be obtained separate- 
ly, above the threshold for the latter reaction. 


960). 


The excitation functions for the reactions (a, 
§a@p), (a, an) and (a, apn) obtained by Houck 
jand Miller» and by the present author agree 
ycompletely with each other. (See: Fig. 2) 

The sum of the measured cross sections is 
compared with the total reaction cross sec- 
Ktion calculated from the continuum theory (ac- 
§cording to Shapiro’s calculation”) and from 
athe optical model analysis (according to Igo’s 
calculation®). A shallow minimum around 
22 Mev in the sum of the measured cross 
sections may reflect a substantial contribution 
of the unmeasured cross sections. The most 
} probable reactions which are missed in this 
experiment may be the (a, ay) reaction and 
articularly the (a, 2p) reaction. The thre- 
‘shold for the (a, 2p) reaction is lower than 
that for the (a, pm) reaction by about 8.1 
Mev (Quisenberry et al.’”), thus the (a, 2p) 


(Cr, Sar aac =i rz 


Os 
pe 
(reereings Nanos yl 


(om?) 


Cross Section 
ce) 
Lvs Aik Ty 
Ls 
py ed 


a a | 
x 
1 


He Fe a A 


1 al fe ! Ls 
15 20 29 30 35 40 


(Ea)tob, (Mev) 


Fig. 2. Excitation functions for the alpha-particle 
reactions on Ni58, (Part 2) 
@ Ni®*(a, ap)Co%” a Ni 8(a, apn)Co® 
O Ni®8(a, an)Nis” A Ni®8(a, a2n)Ni*® 
x The cross sections measured by Houck 
and Millers) for each corresponding reac- 
tion. 
The next value is not shown in the Figure. 
o(a,an) at 33.5 Mev = 610-29 cm?. 
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reaction may be quite important in spite of 
the Coulomb barrier of the proton emission. 
According to Shapiro’s calculation, a value of 
vo=1.7x10-“cm appears to give a reliable 
fit to the sum of the measured cross sections. 
Igo’s prediction almost agrees with the pre- 
sent experiment, but seems to give a little 
higher value. 

It can be seen that there is a small “knee” 
immediately above the effective threshold 
(around 23 Mev) in the excitation function for 
the (a, an) reaction. (See: Fig. 2) The 
“knee ” was carefully determined by two dif- 
ferent runs. The contamination of cobalt 
into nickel fraction was reduced below ~1x 
10-> by careful procedures. It is thought 
that this “knee” is beyond experimental 
errors. This anomaly was also observed in 
the excitation function for the (a, 2n) reac- 
tion on Fe by the present author and his 
colaborators® and also by Houck and Miller®, 
the reason remains uncertain. 


10 E 0 aera A 
ie 
i= Calculated (Shapirc: 
se 


Ctotat (cm?) 


SEN a tl SS a ee ee a a LES L uJ 


5 10 15 20 25 30 35 40 
(Ea)tab, (Mev) 


Fig. 3. The total reaction cross section for the 
alpha-particle reactions on Ni®*. 
@ Sum of the measured cross sections. 

—— Total reaction cross section calculated 
from the continuum theory of 7)=1.7x 
10-18 cm and of 7) =1.5X10-18 cm. (Accord- 
ing to Shapiro’s calculation!) 

-.- Total reaction cross section predicted from 
Igo’s optical model analysis.1® 

..-- Difference curve between continuum theory 
of =1.7X10-%cm and sum of the 
measured cross sections. 
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The energy dependences of the ratios of 
o(a, ap)/o(a, an) and o(a, apn)/o(a, a2n) for 
Ni®® are shown in Fig. 4. The predominance 
of proton emission over neutron emission has 
been reported for the cross section ratios of 
various reactions resulting the isobaric pairs 
of Co®*-Ni®? and Co*—Ni**.3.5.20-24 The shal- 
low concave which can be seen around 23 
Mev in the ratio curve of o(a, ap)/o(a, an) 
is a consequence of the “knee” observed in 
the (a, an) excitation function. 


1000; 


o(a.apn)/o(a,a2n) 


Cross Section Ratio 


o(a.ap)/c(a@,an) 


iS 20 25 30 35 40 
(E@) lab. (Mev) 


Fig. 4. The energy dependences of the cross 
section ratios of o(a, ap)/o(a, an) and 
o(a, apn)/o(a, a2n) for Nids, 


Reactions of Ni®° 

The excitation functions for the (a, n), 
(a, pn) and (a, 2n) reactions on Ni® are 
shown in Fig. 5 together with the data of 
Ghoshal.” The present results do not entire- 
ly agree with Ghoshal’s, especially for the 
energy dependences of the (a, m) and the 
(a, pn) reaction. The low-energy part of the 
(a, n) excitation function measured by Mc- 
Gowan et al. agrees rather with the present 
experiment than with Ghoshal’s. The experi- 
ment of McGowan et al. is considered to be 
most accurate among the three for the ener- 


gy values at the low-energy part. The dis-|} 
agreement in energy between Ghoshal’s and | 
the present experiment may have an influence > 
on the discussion made by Eastman et al. 8) ) | 
and John.» They have pointed out that the} 
energy shift to fit Ghoshal’s experiment to the D 
compound nucleus theory is not exactly equa!) 
to the value derived from mass measurement. |, 


ge 


Cross Section 


awe 
10 Sy; | XG) (3) 30 35 40 
(Ea)lab, (Mev) 


Fig. 5. Excitation functions for the alpha-particle 
reactions on Ni®?. (Part 1) 

Ni®(a, m)Zns8 

Ni®(a, pn)Cu® Present data* 

Ni® (a, 2)Zn& 

Ni6% (a, n)Zns3 

Ni®% (a, pn)Cus Ghoshal’s data 

Mm Ni (a, 2n)Zn%2 

--- o(a, n) measured by McGowan et al.10) 


SOP @O>p> 


* With regard to the interfering reactions of | 
Ni®!, no corrections is applied to the present 
results. 


The comparison between the alpha-particle? 
reactions on Ni® and the proton reactions on) 
Cu® is illustrated in Fig. 6. All the available: 
cross sections of both reactions are compared | 
schematically with the excitation energy of the: 
compound nucleus, Zn**. The binding ener-- 
gies of an alpha-particle to Zn® and of a pro- 
ton to Zn** are deduced from the mass values; 
which have recently been measured with high, 


precision by Quisenberry, Scolman and Nier’® 43 
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| Ba=3.93 Mev and By=7.71Mev. The magni- values in the experiments of both Ghoshal 
and Meadows might not be so accurate that 
it seems inadequate to discuss strictly whe- 
ther the discrepancy in energy is significant. 
However, it seems certain that the (a, m) and 
the (f, ”) excitation function disagree in 
energy with each other by about 1Mev. 
Further accurate experiment is desirable to 
see whether the discrepancy is significant. 
On the whole, this comparison is not neces- 
sarily in disagreement with the prediction 
from the compound nucleus theory; i.e. the 
relation o(a@, n):0(a, pn):o(a, 2n)=o(p, n): 
o(p, pn):o(p, 2n) is roughly satisfied provided 
that the excitation energy of compound nu- 


McGowan ; cleus is the same. 
et al. 


Cohen Ghoshal! 
324 Ghoshal] eral. 


Tanaka 
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Blaser et al. 
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Fig. 6. The comparison between the alpha- 


Cross Section 


particle reactions on Ni®? (solid curves) and the 1 i 
proton reactions on Cu® (dashed curves), the | 
compound nucleus Zn! being the same for two 
cases. | 
i | Bombarding — Author Reference iP E 
aa Energy | aie as oe 35 20 
 EevandoeiMew | Jonake ane he Fig. 8. Excitation functions for the alpha-particle 
Ni +a 40 Cosh! Z reactions on Ni‘, (Part 2) 
Nieo+a 11.0 McGowan etal. | 10 @ Nine. opens 
Cu +p 32 Ghoshal g O Ni®(a, p2n)Cust-+Ni%(a, 3n)Znst 
Cu%+p | 100 and 75 | Meadows ae ----Estimated curve of o(a, p2n+a, 3n) after 
Cus +p 12 | Howe 26 subtraction of interfering reaction. (See: 
Cus+p 6.7 | Blaser et al. 20 text) 
Cuss+p 21.5 Cohen et al. 28 . 
! 5 The energy dependence of the ratio of 
o(a, pn)/o(a, 2n) for Ni® is shown in Fig. 7. 
oa a ae The excitation functions for the (a, apn) 
[ J and (a, p2n+a, 3n) reactions on Ni® are also 
“ai \ | shown in Fig. 8. The (a, p2n+a, 3n) cross 
: section was estimated by subtracting the con- 
ane tribution of the (a, p+a, m) cross section for 
Kaul Ni®®. (Dashed curve in Fig. 8) 
[ : Reactions of Ni®? 
+ ere aay ees Netra | The excitation functions for the (a, n), 
5 Ae ee (a, pn) and (a, ap) reactions on Ni®? are 


Fic. 7. The energy dependence of the cross sec: shown in Fig. 9. The use of natural-nickel 
fae abo of o(a, pn)/o(a, 2n) for Ni®. as target material made it impossible to dis- 
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tinguish between the Ni‘*(a, )Zn®* and the 
Ni®(a, 32)Zn® cross section above the thre- 
shold for the latter reaction. And, what is 
worse, the Ni®*(a, pv)Cu® and the Ni®(a, p)Cu™ 
cross section could not be distinguished 
exactly. The yield of producing Cu** was 
classified into two reactions assuming a smooth 
curve of each excitation function. The esti- 
mated excitation functions are indicated by 
the dashed curves in Fig. 9 and Fig. 11. The 
rough estimation may not cause much ambi- 
guities. 


Cross Section 


10 ae | ee ae | 1 : 
iS) 10 15 20 Bs} 30 35 40 
(E@)ian, (Mev) 


Fig. 9. Excitation functions for the alpha-particle 
reactions on Ni®. 
@ Ni®&(a, n)Zn% 
a Ni&(a, ap)Co! 
---- Estimated curve after subtraction of inter- 
fering reaction. (See: text) 


O Ni®&(a, pnyCus4 


The present results for the alpha-particle 
reactions on Ni®? are compared in Fig. 10 
with the corresponding proton reactions on 
Cu®*, with the excitation energy of the com- 
pound nucleus, Zn. The binding energies of 
an alpha-particle to Zn®* and of a proton toa 
Zn°> are assumed 4.56 Mev and 8.90 Mev, re- 
spectively. These values are deduced from 
the mass values measured by Quisenberry 
etal.!? The prediction from the compound 
nucleus theory seems to hold roughly and the 
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discrepancy in energy between the experi- 
ment and the theory can not be observed. | 
However, the difference between the value of 
cross section for the Ni®*(a, pu)Cu** reaction 
and that for the Cu%(p, pm)Cu%* reaction | 


1 . waa 
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Fig. 10. The comparison between the alpha-par- — 
ticle reactions on Ni® (solid curves) and the 
proton reactions on Cu (dashed curves), the 
compound nucleus Zn‘ being the same for two 
cases. 
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Fig. 11. Excitation functions for the alpha-par- 

ticle reactions on Nis! and Ni®é. 

& Ni®l(a, p)Cus4 OQ Nié(a, 3n)Zn% 

@ Ni®4(a,p)Cus? 

---- Estimated curve after subtraction: of in- 
terfering reaction. (See: text) 


jshould be again checked experimentally.* 


Reactions of Ni®! and Ni*+ 

| The results of the reactions on Ni®! and 
WNi®* are shown in Fig. 11. The excitation 
functions for the Ni®(a, p)Cu®t and the Nis 
(a, 3n)Zn®> reaction were estimated by sub- 
tracting the contribution of the Ni‘*(a, pn) 
}-Cu®* and the Ni®*(a, m)Zn® reaction, respec- 
jtively. 

| All the excitation functions measured in 
|this study may be useful in the comparison 
|with the evaporation calculation based on the 
istatistical theory of nuclear reaction. How- 
yever, Such a discussion is not made in this 
paper. 
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Appendix 
A. Chemical Procedures 


For shorter-lived nuclides 

The target foil was dissolved in 2ml of 
conc. HCl with the aid of 10 drops of 30% 
H2O:. The excess of H:O: was decomposed 
| by adding 25% NaHSO;. After the addition of 
| zinc carrier (2007 of Zn), 6N-NH.OH was 
| added to the solution until the blue color of 
Ni-ammin complex appeared. The solution 
was neutralized to methyl orange with 1N- 


* Note added in proof—H. P. Yule and A. 
Turkevich [Phys. Rev. 118 (1960) 1591] measured 
the Cu%(p, pn)Cust cross section in the energy 
range 82-426Mev. Their result is lower than 
Meadows’s by a factor of about 0.6. The value of 
Yule and Turkevich reduces the discrepancy in 
| the magnitude of cross section between the proton 


and the alpha-particle reaction. 
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HCl. Sml of 5% NHI and 3 ml of 3% methyl 
violet were added. The Cu-precipitate was 
separated by centrifuge and washed with 10 
ml of 0.5% NH,I. The precipitate was dis- 
solved in ethyl alcohol and submitted to 
counting. The united solution of supernatent 
and washing was adjusted to pH 10~12 by 
adding 6N-NH:OH drop by drop, and then 5 
ml of 5% NHsSCN and 3ml of 3% methyl 
violet were added. The zinc precipitate was 
separated by centrifuge, and dissolved in 
alcohol. 


For longer-lived nuclides 
The target foil was dissolved in aqua regia. 


Table III. Nuclear data necessary for the 
calculation. 
Radiation Emission Pro- 
Nuceite | Hue and "| Bali of 
(Mev) (%) 
Co | 77d B+ 1.50 ) | 
B+ 1.00 18 
B+ 0.44 | 
yr 0.845 100 
Co? |270d | + 0.122 
| } 100 
if OmSh 
Cos | 71d | gt 0.485 15 
7 0.810 100 
Cost |1.65h B= BiE22 100 
Nié | 6.0d — — 
Nid? 37h Br 0.85 
BY O72 47 
| B+ 0.35 
Cus | 24m p+ 2.00 
| B+ 3.00 93 
| (efae a eZ 
Cust SRo [i ll ZAlh 
Bt 0.94 66 
B+ 0.56 
Cu®2 |10.0m Bu 2-98 98 
Cust | 12.8h B+ 0.656 19 
ae Oesya! 39 
Cus? 59h Bm OrOG 
B- 0.484 100 
B- 0.395 
ZnSe |e 2/xb am | aS = 
Znst | 1.5m — = 
Zn® | 9.3h B+ 0.66 12 
Zn63 | 38.3m Bt 2.4 } 93 
opr mee log 
7Zn65 245 d 7 1.114 | 45 
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the solution was evaporated nearly to dryness 
and the residue was dissolved in 1 ml of 8N- 
HCl. The solution was then passed through 
a column (13mm dia. x 150mm high) of anion 
exchange resin Dowex-1X 8 (200 ~400 mesh) 
followed by washing with about 25 ml of 8N- 
HCl. Nickel was eluted with 8N-HCl, cobalt 
with 4N-HCl, copper with 2.5N-HCl and zinc 
with 2N-HNOs. 
B. Counting and Calibration Procedures 

The nuclear data shown in Table III were 
used for the calculation of disintegration 
rates. These data were obtained mainly from 
the compilation of Strominger et al.” 
Co*® The 7-rays above 1.6 Mev were measur- 
ed in a well-type Nal scintillation counter to 
discriminate against other activities. The 
disintegration rate was obtained by compar- 
ing the sample with a calibrated Co** standard 
source. (See: reference 3 for the detailed 
calibration procedures) 
Co? The 122 and 137kev y-ray photopeaks 
were counted in an 1—3/4 in. dia. x2 in. high 
well-type Nal scintillation counter. The 
counting efficiency was assumed as 0.85. (See: 
reference 1) 
Co The 810 kev 7-ray photopeak was count- 
ed in a well-type Nal scintillation counter. 
The contribution of Co*® was subtracted by 
comparing the sample with a Co®*® standard 
source. (See: reference 1 for the detailed sub- 
traction procedure) The disintegration rate 
was obtained by applying the intrinsic photo- 
peak efficiency to the counting rate. (See: 
reference 4) 
Co*! The decay of cobalt fraction was fol- 
lowed with the GM counter whose efficiency 
had been calibrated with various f--emitters 
of known disintegration rates. 
Ni® After Ni*® was allowed to decay to Co**, 
the disintegration rate of Ni°** was measured 
as Co*®. 

37 After Ni*’ was allowed to decay to Co*’, 
it was counted as Co’’. 
Cu®* Immediately after the bombardment, the 
target foil was sandwiched by two brass 
plates of sufficient thickness to stop the posi- 
trons, and the two 0.51 y-rays were detected 
in coincidence with two 1—1/2 in. dia. x1 in. 
high Nal scintillation counters positioned 180° 
from each other with respect to the source. 
The decay was followed for about 10 hours 
to distinguish Cu® from Cu®!, Cu%? and Zn®. 
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The counting efficiency of the instrument was} 
calibrated by the Na?? standard source, the 
absolute activity of which had been deter-: 
mined by both the 7-7 coincidence and the } 
47z8-counting method. In the experiment, 
with chemical separation, copper fraction | 
counted similarly. The counting with a cali- 
brated GM counter was also performed. 

Cu’! After chemical separation, the positrons 
were counted with a calibrated GM counter.) 
The decay was also followed with a 4z6-- 
counter to determine the disintegration rate. 
In the experiment with short time irradiation, , 
the decay was followed by measuring the: 
coincident annihilation radiation. (See: Cu®)) 
The disintegration rates from the different: 
experiments agreed with each other within. 
10%. 

Cu’? Without chemical separation, the coin-. 
cident annihilation radiation was measured.. 
(See: Cu®°) 
Cu** and Cu’ The disintegration rates were: 
obtained by following the decay of copper: 
fraction with a calibrated GM counter. 

Zn The decay of zinc fraction was follow-. 
ed with a calibrated GM counter. A 4z{-. 
counting was also performed. 

Zn After chemical separation, an aliquot of | 
zinc fraction was counted with a calibrated| 
GM counter and another aliquot was sub-. 
mitted to counting the coincident annihilation: 
radiation. (See: Cu®?) 

Zn* The 1.11Mev y-ray photopeak was} 
counted in a well-type Nal scintillation coun-- 
ter. The photopeak efficiency was obtained || 
by comparing the sample with a Zn® standard I 
source. 
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Excitation Function for the Reaction B'(p, n)C'' up to 


By Michiaki FURUKAWA, Yoshihide ISHIZAKI, Yoshihiro NAKANO*, 


Institute for Nuclear Study, Universty of Tokyo, Tanashi-machi, Tokyo 


Excitation function for the B'(p, n)C' reaction was measured by the 
activation method with improved energy resolution for the proton energies 
ranging from 4.7 to 15.0 MeV. The excitation function exhibited rather 
clear peaks at proton energies of 8.5, 9.9, 10.9, 11.5 and 13.6 MeV in 
the laboratory system and a broad peak at the energy region between 
13.8 MeV and 14.5 MeV. A considerable number of uncertain peaks 
were also observed. The excitation function for the O1%(p, a)N!® reaction 
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was also obtained above H»=—9.7 MeV. 

Introduction 


Thej.excitation function for the B'(p, mC” 
reaction was measured using a stacked-foil 
, “method by Blaser ef al.” for the proton energies 


* Hokkaido Gakugei University, Sapporo, Hok- 


kaido. 
** The Electrical Communication Laboratory, 


Musashino, Tokyo. 


up to 6.7 MeV; by Kalinin, Ogloblin and 
Petrov? up to 12.2 MeV; and by Hintz and 
Ramsey” up to 100 MeV. The excitation 
function below 5.5 MeV was also confirmed 
by Gibbons and Macklin® from the measure- 
ment of total neutron yield. The energy levels 
of C2 were compiled by Ajzenberg-Selove and 
Lauritsen”. 
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Some of the present authors® are under study 
about the angular distributions of neutrons 
from the B‘'(p, 2)C" reaction at various incident 
proton energies from 8 to 15 MeV. For this 
work, it is desirable to obtain more precise 
information on the energy dependence of the 
cross sections over the region E,=8~15 MeV. 

In the experiment reported here, the excita- 
tion function for the (p, 2) reaction on B"™ was 
measured by the activation method for the 
proton energies ranging from 4.7 MeV to 15.0 
MeV. Borax was used as a target material, 
so that the excitation function for the O'%(p, a) 
N® reaction above £,=9.7 MeV was simulta- 
neously obtained. 


§2. Experimental 


The external beam from the 160cm INSJ 
variable energy cyclotron was used to irradiate 
the targets. The deflected beam was focused 
by a pair of quadrupole magnets and a sector- 
type focusing magnet, and was collimated 
successively by narrow graphite slits. The 
energy dependence of the cross sections for 
the reaction B'(p, m)C!! was measured by a 
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with the energies in the laboratory system. 
the peaks less certain than those indicated by solid lines.) 
experimental points indicate the estimated errors of relative cross sections. 
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Fig. 1. Excitation function for the reaction B'4(p, n)C!l. The different marks of points 
represent the results from the separate bombardments, while the solid line is the com- 
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stacked-foil technique in which every ten target 
foils were stacked. In different seven bom- 
bardments, the initial energies were 15.0, 14.0, 
13.0, 11.5, 10.0, 8.5 and 7.5 MeV which were 
calculated from the cyclotron frequencies. 


Each stack covered a range of from 1.5 to 2.8 : 


MeV and this range overlapped that of adja- 
cent stacks by about 0.5 MeV. The bombard- 
ments were generally performed with the 
protons of 75 wC for 3.5 minutes. 
uncertainty of the incident beam was estimat- 
ed to be less than +1%. The beam was 
monitored by a Faraday cup and the total 
charge of the beam was measured by a 100% 
feed-back type current integrator. 

The targets were of sodium borate bihydrate 
(Na2B:.0;-2H:O) prepared as follows. The 
powdered pure borax (Na2B.O;-10H2O) was 
suspended in acetone with polyvinyl acetate 
as a binding material, and deposited onto a 
thin aluminum backing fail after evaporation 
of acetone. Then, it was heated in an oven 
at about 80°C in order to convert NazB,O;:- 
10H:20 into Na2B,0O7-2H:0. The boron contents 
in some targets were chemically analyzed 
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3 after bombardments and they were consistent 
‘with the form of Na2B.0;-2H.O. The thick- 
nesses of targets were almost about 2 mg/cm? 
is and the inhomogeneity in thickness was esti- 
‘} mated to be less than 10%. The energy loss 
; in 1mg/cm? of Na2B.0;-2H:O was 30 keV for 
‘PT the 15.0 MeV protons and 62 keV for the 6.0 
# MeV protons. 

After the bombardment, the target was 
‘} sandwiched by brass plates of appropriate 
@ thickness, and the two 0.51 MeV y-rays from 
positron annihilation were detected in coinci- 
dence by two 1-1/2 in. dia. x1 in. high Nal 
scintillation counters positioned 180° from one 
another with respect to the source. The decay 


# was followed for about 2 hours in order to 


distinguish between the activity of C' from 
the B'(p, n)C" reaction and that of N*® from 
the O'(p, m)N™® reaction. The disintegration 
rate was obtained by applying the counting 
efficiency calibrated with a Na? standard 
source, the absolute activity of which had 
been determined by both the y-7 coincidence 
and the 4z $-counting method. 


§3. Results 


The excitation function for the B'(p, m)C"! 
reaction is shown in Fig. 1. 

The prominent peaks occur at energies of 
§.5 MeV and 9.9 MeV in the laboratory system. 
These two peaks appeared already in the 
previous work of Kalinin et al.? and were 
confirmed in this experiment with improved 
energy resolution. There is also evidence that 
fairly clear peaks might be present at 6.3, 6.7, 
Bey 7) le To e109 e120, Ll.o, 12.0, 13.6 
and 14.7 MeV, among which the four peaks 
at 10.9, 11.5, 11.9 and 13.6 MeV might be 
most reliable. It is not certain whether there 
are separate peaks at 6.3 and 6.7 MeV or 
whether there might be one resonance instead 
of two. And it is similarly situated for the 
peaks at 7.4 and 7.7 MeV. An improved 
resolution was not attained for the low-energy 
portion of the excitation function. It can be 
seen that a broad peak appears at the energy 
region between 13.8 MeV and 14.5 MeV. In 
this broad peak a few overlapping resonances 
must be involved. Further experiment is de- 
sirable for the confirmation of a number of 
uncertain peaks in this experiment. 

The absolute cross section obtained here 
agrees well with that reported by Kalinin et 
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al.», but differs rather greatly from those of 
Blaser et al.” and of Hintz and Ramsey”. 
The enegy levels of C’ derived from this 
experiment are shown in Fig. 2, together with 
the references of Blaser et al.” and Kalinin 
et al.» 
The exciation function for the reaction O'* 
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Fig. 2. Energy levels of C!2 derived from this 
experiment. Energy values are plotted vertically 
in MeV. Uncertain levels are indicated by dashed 
lines; broad levels are cross-hatched. Excitation 
functions for the B4\(p, )C"! reactions are shown 
schematically, with the yield plotted horizontally 
and the bombarding energy vertically. Bom- 
barding energies are indicated in laboratory 
coordinates and plotted to scale in centre-of- 
mass coordinates. 
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Fig. 3. Excitation function for the reaction 
O16(p, «N13. 
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(p, aN" is also shown in Fig. 3. This agrees 
well with the previous work of Whitehead 
and Foster”. 
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The N"“(d, n)O" Reaction in the Energy Range 
from 1.5- to 2.9-MeV 
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Takashi MAKI, and Masahiro MUKAE. 


Department of Physics, Faculty of Science, 
Kyushu University, Fukuoka. 


(Received August 8, 1960) 


The angular distributions of neutrons emitted from the N'4(d, n)O%% 
reation were investigated by means of the neutron detector made of a thin 
plastic scintillator to eliminate the gamma ray background, at the deuteron 
energies of 1.53-, 1.72-, 1.96-, 2.24-, 2.54-, 2.655-, and 2.90-MeV. 

The results were compared with the stripping theory including the 
heavy particle stripping, and qualitative agreements were obtained. The 
excitation curve of this reaction was also estimated and compared with 
those of the N'4(d,»)N and N4(d, a)Cl2 reactions. 
curves of the N4(d, n) and N!4(d, ») reactions show similar resonance-like 
structures, while that of the N‘4(d, a) reaction shows somewhat different 


behavior. 


Introduction 


§1. 


In our previous experiment”, the angular 
distribution of the N'4(d,”)O reaction at the 
deuteron energy of 1.96 MeV was measured 
and a sharp increase in the backward direc- 
tions, besides the forward peak was found. 
And also, one of the authors” observed the 
excitation curves of this reaction at the direc- 
tions of 0°, 90°, and 165° to the deuteron beam 
in the energy range of deuteron from 1.0- to 
2.2-MeV. These results suggested that the 
angular distributions change remarkably with 


The excitation 


deuteron energy. J. L. Weil and K. J. Jones? 
observed the excitation curve at the direction | 


of 0° at deuteron energies 1.0- to 5.5-MeV. . 


The aim of this experiment is to observe in 
detail the angular distributions in the energy 
range of deuterons from 1.5- to 2.9-MeV with 
small intervals of deuteron energy and to 
obtain informations concerning the reaction 
mechanism, by comparing the angular distri- 
butions and excitation curve with theory, 
Retz-Schmidt and Weil have made the same 
measurements in the energy range of deuteron 
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jfrom 0.91- to 5.27-MeV with larger energy 
j.intervals than in this work. 


}§2. Experimental Procedure 


| The magnetically analyzed deutron beam 
} from the Van de Graaff accelerator of Kyushu 
‘University passed through a window of 
}0.00005- or 0.0001-in. thick nickel foil, and 
entered into the target chamber filled with 
} nitrogen gas. Fig. 1 shows a sectional view 
of the target chamber and beam duct. The 
‘amount of materials constructing the beam 
duct and the target chamber was minimized 
fto reduce the scattering and absorption of 
neutrons in these materials, and the inner 
isurface of the wall exposed to the deuteron 
| beam was covered with silver plates to avoid 
‘neutron production. The target chamber, 2.0 
}cm in depth, was filled with commercial 
| nitrogen gas to the pressure of 20.0cm Hg and 
the energy loss of deuteron of 2 MeV in the 
nickel foil was estimated to be 120- and 320- 
| KeV for the two foils respectively, and the 
} energy loss in the nitrogen gas was estimated 
to be 140 KeV. 
} A disk of thin plastic scintillator of 1mm 
in thickness and 10mm in diameter was used 
for neutron detection at bombarding deuteron 
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‘Fig. 1. Sectional view of the target chamber and 
the beam duct. 
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energies below 2.24 MeV and that of 1.5mm 
in thickness and of the same diameter was 
used at deuteron energies above 2.54 MeV. 

The plastic scintillator was mounted on a 
EMI 6097 photomultiplier tube, and output 
pulses from this tube were linearly amplified 
and fed to a 20-channel pulse-height analyzer. 
The pulse-height spectra obtained by this 
manner are similar to those shown in the 
previous paper”). The principle of discrimina- 
tion of the associated gamma rays by means 
of a neutron detector of this type, has been 
described previously. 

The background due to scattered neutrons 
was measured by inserting an iron absorber 
between the target chamber and the detector, 
and that due to d-d neutrons produced in 
deuterium contaminants on the inner surface 
of the chamber wall was measured by deuteron 
bombardment of the empty chamber, and they 
were found to be negligible. 

The pulse-height spectra obtained by the 
20-channel pulse-height analyzer, were cor- 
rected for escapes of recoil protons from the 
scintillator, add then transformed to the 
energy spectra using the pulse-heigot vs. 
proton-energy relation for the plastic scinti- 
lator. Then, the energy spectra were inte- 
grated from the energies of 85% of maximum 
energies to the maximum energies, to give 
the measures of neutron intensities, since this 
portion of the spectrum represents the energy 
distribution of recoil protons in the plastic 
scintillator and include no y-ray background. 

Either of the two plastic scintillators of 0.1 
cm and 0.15cm in thickness, having same 
diameters of 1.0cm, mounted on a DuMont 
6291 photomultiplier tube was used as a moni- 
tor counter according as energies of neutrons 
to be counted. The monitor counter was 
placed at the direction of 90° and at a distance 
of 14.0cm from the center of the target. 

In order to obtain the angular distribution, 
the above mentioned integrals of energy 
spectra of recoil protons obtained at different 
detector angles and at a certain deuteron 
energy, were corrected for the variation of 
the n-p scattering cross section with neutron 
energy and normalized to a definite number 
of monitor counts. 


§3. Results and Discussion 


Fig. 2 shows the seven angular distributions 


DNTZ, S. Morita, N. Kawal, Y. Gotd, T. MAKI and M. MUKAE (Vol. 15, 


obtained at the deuteron energies of 1253x, 
1.72-, 1.96-, 2.24-, 2.54-, 2.68-, and 2.90-MeV. 
The angular resolutions ranged from ne dPeat 
the detector angle of 0°, to 6° at 90°. The 
errors shown in the figure are statistical ones, 
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Fig. 2. The angular distributions of the neutrons 
from the N!4(d, n)O15 reaction. The energy of 
deuteron is shown for each distributions. Solid 
curves are experimentals, and dotted curves are 
the theoreticals, calculated by the heavy particle 
stripping process. 


which range from 5% to 2%. Besides the 
statistical uncertainties, uncertainties in the 
evaluation of neutron intensities from the 
pulse-height spectra of recoil protons in the 
plastic scintillator, and those in the estima- 
tion of neutron scatterings in materials pre- 
sent between the target and detector, and so 
on, were considered and the over-all relative 
uncertainties of every experimental points in 
angular distribution were estimated to be less 
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than 10%. The relative uncertainties of the 
total cross sections derived from the angular 
distributions were thought to be about to be 
about 15%. 

These angular distributions are consistent 
with those obtained by Retz-Schmidt and 
Weil’ at the deuteron energies of 1.507-, 1.88:-, 
and 3.13;-MeV, although some discrepancies 
are found between the angular distribution 
obtained by us at Ha=2.54MeV and that 
obtained by Retz-Schmidt and Weil at Ey 
=2.58MeV. At this deuteron energy, their 
result shows smaller rise in the backward 
directions than ours. As was expected from 
the previous work”, the shape of the angular 
distribution at the backward directions varies 
remarkably with the deuteron energy, but 
the forward peak does not. Moreover, it 
must be noted that this behavior of angular 
distribution of neutrons from the N'(d,2)O* 
i ground state reaction shows a strong resembl- 
ance to that of protons from the Nd, p)N*® 
ground state reaction in the same range of 
deuteron energy, obtained in our laboratory”. 
| We attempted to analyze these angular distri- 
-butions of the N'*(d,”)O ground-state reac- 
tion with the heavy particle stripping theory 
of Owen and Madansky®. Although this 
; theory includes some inconsistency, as was 
pointed out by Hasegawa and Ichikawa’, we 
used the formula of Owen and Madansky be- 
cause of its simplicity. Their formula would 
be sufficient for qualitative discussions. 

The heavy particle stripping means the 
stripping of neutron from the target N* 
nucleus and the capture of N** by the deuteron. 
The orbital angular momentum of captured 
-N* are limited by the conservation of angular 
/-mementum and parity. The ground state of 
O has been known to have spin of 1/2 and 
‘odd parity, the deuteron has spin of one and 
even parity, and the N* core has odd parity. 
So that the orbital angular momentum /. of 
the captured N** must be limited to 0 or 2. 
Since the d-wave penetrability is much less 
than that for s-wave, we can neglect the / 
=2 terms. 

According to Owen and Madansky, 

do 


—. oC 


dw 
where, 
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x [0.1423 sin (Korw)+ji(Kerw)] , 


A:/4, is the ratio of the amplitude for the 
heavy particle stripping to that of the ordinary 
deuteron stripping. Other symbols have usual 
meanings as quoted in reference®. This ratio 
is assumed to be a function of deuteron energy 
and was adjusted to get the fit with experi- 
mental results. The radius and depth of the 
potential well used to determine the neutron 
wave function for the calculation of Ga(K2), 
were 3.37 x10-%cm and 40 MeV, respectively, 
and to assume these values means 


) 1/2 
any =| IE vi rw =4.03 ; 


2M 
h? 
The value of 7.0x10-%cm was chosen for 
both interaction radii, R: and Re. 

Although these interaction radii, as well as 
the ratio of amplitudes 22/41, can be taken as 
adjustable parameters depending on the deu- 
teron energy, we could obtained, as can be 
seen in Fig. 3, qualitative agreements with 
the experimental angular distributions with 
this constant value of interaction radii. 


1/2 
Byrx=| \E 1 ne 


O 0.5 1.0 15 2.0 25 3.0 
Deuteron Energy (MeV) 


Fig. 3. The ratio of amplitude 22/A,; of the heavy 
particle stripping to that of the ordinary strip- 


ping. 


In the analysis of the reaction B'(d,u)C?®, 
these interaction radii were assumed to be 
constant independent of deuteron energy but 
Weil and Jones®), and Hasegawa and Ichika- 
wa” used energy dependent interaction radii. 
In the formula of Ichikawa and Hasegawa, 
one more adjustable parameter was introduced 
in the interference term of the both stripping 
processes. Accordingly, much better fit to 
the experimental distributions would be ob- 
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tained by using Ichikawa’s formula. The 
values of 2/41, which were adopted in the 
calculation of the curves in Fig. 2, were plot- 
ted against the deuteron energy and are shown 
in Fig. 3 connected with a broken line. As 
was pointed out by Retz-Schmidt and Weil, 
Ai/A1 does not show monotone increase with 
deuteron energy, in contract to the cases of 
reactions B'(d,n) and N*(d,z), where the 
ratio increases gradually up to the deuteron 
energy corresponding to the height of Coulomb 
barrier, which is 2.2 MeV and then becomes 
nearly flat, as is shown by the full curve in 
this figure. Anomalously large value of 22/A1 
was found at the deuteron energy of 2MeV, 
where the excitation curve shows a small 
peak and the angular distribution has a re- 
markable rise in the backward direction. 

In order to obtain some information on the 
reaction mechanism, the excitation curve of 
this reaction is shown in Fig. 4, together with 
the data obtained by Retz-Schmidt and Weil 
and also with the excitation curves of the 
N"(d, p)N*® and N¥(d, a)C* ground-state reac- 
tions, which were obtained in our laboratory”. 


g 
15 20 25 3.0 BS 
Deuteron Energy (MeV) 


Fig. 4. Excitation curves of the reactions N‘4(d, n), 
Nd, p)®), and N14(d, a)8) reactions. Retz-Schmidt 
and Weil’s results on the N!4(d, n) reaction are 
also shown with crosses. 


The absolute valve of cross section of the 
N*'(d,m”) reaction in the present experiment, 
was determined by normalizing the angular 
distribution to the absolute cross section ob- 
tained at the direction of 30° by Retz-Schmidt 
and Weil. 

As the reactions N“(d,2)O" and N‘(d, pyN* 
are considered to be mirror reactions, it may 
be natural that the angular distributions of 
these reactions behave quite similarly, whether 
the reactions proceed through the compound 
nucleus formation or the striping process. 
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Moreover, it must be noted that the excita- | 
tion curve of the N'(d,m) reaction shows) 
similar behavior to that of the N*(d, p)N*®. 
reaction and some resonance-like structures 
were found in these excitation functions. We | 
can not decide whether these structures are | 
due to the compound nucleus formation or 
the distortion effects of the wave function in 
the stripping reaction. As for the (d, a) reac- 
tion, such a surface direct interaction has | 
been considered as double pick-up process. ' 
However, it will be reasonable to consider 
that in the lower energy range of deuteron 
the compound nucleus formation is more 
predominant than in the (d,m) and (d,p? 
reactions, and in fact, the angular distributions 
of a-particles from the N'(d,a@)C’ ground: 
state reaction have quite different behavior, 
showing rapid change with deuteron energy”. 
Nevertheless, in the excitation curve of the 
N(d, a) reaction, the resonances are less pre- 
dominant than in the other two curves, and 
the dip in this curve, observed at deuteron 
energy of 2.7 MeV, corresponds to the peaks. 
in the excitation curves of (d,p) and (d,n). 
reactions. This fact will suggest that the | 
resonance-like structures found in the excita-. 
tion of (d,p) and (d,m) reactions are to be 
interpreted by the distortion effect of wave 
function in the stripping reaction. But, the | 
effects of compound nucleus formation on the 
(d, p) and (d,) reactions can not be entirely | 
excluded. 

The level structure of the compound nucleus || 
O obtained from other reactions” are shown | 
in the lower insert of Fig. 4. Most of these | 
were observed in the breaks of the yield | 
curves of induced activity. However, the: 
levels, observed in the photo-reactions, are: 
not necessarily found in the present excitation | 
curves because of the isotopic spin selection | 
rule. As the isotopic spins of Nt and deute-- 
ron are equal to zero (T=0), the levels of’ 
compound nucleus O", excited by the deuteron. 
bombardment of N'*, must have the isotopic ') 
spin of zero. On the other hand, the levels; 
of O%, excited by photon, are expected to ) 
have the isotopic spin of unity. 

The authors express their cordial thanks: 
to Prof. I. Nonaka for his discussions and all! 
the other members of the nuclear laboratory” 
of Kyushu University for their cooperation} 
throughout this work. 
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The transition of gamma-rays in Ho1® emitted in the decay of Dy1%& 
(140 min) has been studied with 7-7 coincidence and sum coincidence 


techniques. 


and ~515 keV gamma-rays are found in coincidence experiment. 


In addition to previously reported gamma-rays, (178), ~483, 


About 


1 MeV gamma-rays is resolved into 998 and 1055 keV gamma-rays. A 
proposed decay scheme is presented. The measured half-life of Dy!® is 


142.4+0.5 min. 


Introduction 


§1. 

The strong radioactivity of dysprosium in- 
duced by slow neutrons was first observed by 
Marsh and Sugden” and independently by 
Hevesy and Levi’; its half-life was reported 
to be 2.5 hours. Later, this activity was 
assigned to mass 165 by Inghram ef al.®, and 
the most accurately measured half-life was 
139.19+0.14 min.?) The activity with a half- 
life of 1.25 min. was first reported by Flam- 
mersfeld® and was assigned to a metastable 
state of Dy*®* by Inghram®. Since then, the 
decay of Dy**® has been investigated by a 
number of authors?-!”, yet its decay scheme 
cannot be regarded as thoroughly investigated. 

The beta-ray energies measured by Slatis® 
with a magnetic spectrometer were reported 
to have the values 0.24, 0.42 and 0.88 MeV, 
while, according to Bonhoeffer et al'”, they 
are 0.305, 1.00, 1.22 and 1.3 MeV which were 
found by the use of the beta- and gamma-ray 


coincidence technique with scintillation coun- 
ters. In addition to the several gamma-ray 
previously reported'”, Bonhoeffer found 555 
keV gamma-rays. The largest energy value 
of the gamma-rays reported is nearly 1 MeV, 
and the authors have resolved this into two 
gamma-rays, 998 and 1055 keV in the investiga- 
tion of gamma-ray transitions with a sum 
coincidence technique, and the decay scheme 
of Dy® is considered. 


§2. Experimental Procedure 


The gamma-ray sources of dysprosium were 
produced in the research reactor JRR-1* by 
neutron irradiation of dysprosium oxide** of 
the spectrographic purity of 99.9%. After one 
or two hour irradiation the samples were left 


* Japan Atomic Energy Research Institute at 


Tokai. 
** Obtained from Société des Terres Rares, 


Paris. 
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to decay for few hours to allow the short 
lived activities to die away. 

The gamma-rays were investigated with a 
Nal(T1) crystal of 1” diameter and 1” height, 
optically coupled to a 6292 DuMont photomulti- 
plier, together with a sum conincidence™ and 
a coincidence scintillation spectrometers. A 
schematic diagram of the sum coincidence 
spectrometer is shown in Fig. 1. The output 


source 


pulse height 
analyzer 
256 gate 


multichannel 
analyzer 


_———— scaler 


Fig. 1. Block diagram of the sum coincidence 
spectrometer. 


pulses from White cathod-followers (CF-1, 
CF-2) are clipped by 1m of RG/65-U cable 
and make to either into a linear adding net- 
work. The linear adding network and the 
adjustment of the height of the pulses from 
two counters with potentiometers are nearly 
the same as described by Hoogenboom’. The 
accidental coincidence is examined by a delay 
line either connected to the adding network 
or inserted between the output of a single 
channel pulse height analyzer and the gate 
input of a multichannel analyzer. Pulse heights 
are analyzed with a 256 channel pulse height 
analyzer which is gated with 2 ysec pulses of 
the output of a single channel pulse height 
analyzer. The energy resolution of the sum 
coincidence spectrometer examined with Co* 
was 5.6% at 1.33 MeV. The gamma-sources 
used to calibrate the energy scale of the 
spectrometer over the range from 75 to 2500 
deV were Co®, Se”, Cs!8? and Hg?®, 


$3. 


Fig. 2 shows the gamma-ray spectra of 
dysprosium obtained with a single crystal scin- 
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tillation spectrometer. 


of 3mm to indicate the summing effect. 
viously reported 1 MeV gamma-ray was 
resolved into two photopeaks of 998=:5 and 
1055-+5 keV gamma-rays. It is evident from 


the curve 1 and 2 that the 998 keV gamma- | 
ray reveals the summing effect. This indicates | 
that the gamma-rays emitted from the level — 


of this energy decay partly in cascade to the 
ground state. The decay of these two peaks 
were followed for 16 hours, the half-life of 
which was found to be 144 min proving that 
the peaks are caused by the gamma-rays from 
decaying Dy'**. The other gamma-ray energies 
were 9542, 27745, 364246, 57746, 627=44, 
714+4 keV. The gamma-ray spectrum was 
also examined by using a large Nal(T1) crystal 
(4’°¢x 11/2), and it is concluded that the 557 
keV peak is neither Compton peak nor a 
scattering peak but a photopeak. The 1 MeV 
gamma-ray did not resolve into two peaks 
when the large crystal was used. 

A least-square analysis of the decay curve 
obtained with the total counts of a scintillation 
counter yielded for Dy'® the half-life of 142.4 


5 
suk ates ~ 


per channel 


Counts 
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80 
Channet 
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Fig. 2. The scintillation spectra was measured 
with 1/’76x1'’ NaI (Tl) crystal. The curve 1 
shows the spectrum with the distance of 20 
cm between the source and the crystal, and the 
curve 2 that with the distance of 3mm. 


The curve 1 shows the || 
spectrum obtained with the distance of 20cm i 
between the source and the surface of the | 


crystal and the curve 2 that with the distance | 
Pre- |] 


. J.6 min. The contribution of long lived acti- 
| vities due to impurities was found to be 
. aegligible. The half-life reported by Slatis is 
145-3 min® and by Sher 139.17-+0.14 min® 
| and recently by Mayquez 143.0-+2.6 min ®. 

| As the spectra of single scintillation counter 
—suggest the presence of the aforementioned 
Hioublet near 1 MeV, a careful search was 
made in the 1 MeV region with the technique 
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Fig. 3. 
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Fig. 3 and 4. The sum coincidence spectra of 
dysprosium. The sum-channel settings are at 
1060 and 998 keV. 
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of the sum coincidedce. The gate of the sum 
coincidence was set from 990 to 1150 keV at 
intervals of every 3keV. The typical sum 
coincidence spectra of gamma-rays obtained 
with the channel settings of the differential 
discriminator at 1055 and 998 keV are shown 
in Figs. 3 and 4. With the gate set at 998 
keV (Fig. 4), the previously reported!) 714- 
277, 627-364 keV cascade gamma-rays are clear- 
ly shown. Furthermore there occurs a broad 
peak at 500keV, which suggests the presence 
of another cascade gamma-rays. The small 
rises of about 200 and 800 keV are due to 
Compton scattering. With the gate set at 1060 
keV, there appeared no significant peaks 
(Fig. 3), that is there is no cascade gamma- 
rays. 

The coincidence spectra gated with 714, 627 
and 557 keV photopeaks are shown in Figs. 5, 
6 and 7 by dashed lines. For comparison a 
spectrum of single crystal scintillation counter 
normalized at 277 keV is shown in Figs. 5 and 
6 and at 178 keV in Fig. 7. The width of 
coincidence gate is shown on the direct gamma- 
ray spectrum by arrows with oblique lines. 
With the coincidence gate opened at 714 keV, 
a strong peak at 277 keV is seen (Fig. 5) and 
when opened at 627 keV, the 364 keV peak 
rises (Fig. 6) and another peak of 277 keV 
observed is thought to be coincident with 
Compton scattered 714 keV gamma-rays. 
When opened at 557 keV, there appeared 178 
keV peak (Fig. 7). Other peaks observed at 
277 and 364 keV may also due to the Compton 
scattered 627 and 714 keV gamma-rays. From 
these considerations the coincidences of 277-714, 
364-627 and (178-557) keV are concluded. The 
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Fig. 5. Coincidence spectrum 
with 714 keV photopeak. 
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Fig. 6. Coincidence spectrum 
with 627 keV photopeak. 
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Fig. 7. Coincidence spectrum 
with 557 keV photopeak. 


The dashed lines represent coincidence spectra which are normalized at the 227 keV photopeak of 
single crystal gamma-ray spectrum in Fig. 5 and Fig. 6. In Fig. 7 the coincidence spectrum 
is normaliged at 178keV. The width of each coincidence gate is shown on the single crystal 


gamma-ray spectrum by arrows with obligue lines. 


2178 


coincidences of 277-714 and364-627 keV gamma- 
rays correspond with sum coincidence results 
of Fig. 4. 

From the results of single crystal gamma-ray 
spectra and of the sum coincidence experiment, 
about 1 MeV level is composed of two levels 
is composed of two levels of 998 and 1055 keV. 
Cork!” reported the existence of 515 keV level 
from the decay of Dy'®™, and the 495 keV peak 
in Fig. 4 is presumed to be the unresolved 
peak composed of two peaks of 483 and 515 
keV by assuming that the 988 keV level 
decays in two-step cascade, first to 515 keV 
level second to the the ground level. For an 
interpretation of the coincidence between 178- 
555 keV gamma-rays, 733 keV level may be 
suggested. 

From the Nilsson model, the estimated 
values of the spins and parities of the ground 
states of Dy'*® and Ho'® and are 7/2+ and 
7/2—. The gamma-ray transition from the 


1055 keV 
998 


5 
Ho'® 


Fig. 8. Proposed decay scheme of Dy,!65. 
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first excited level to the ground state is M1 
M1+E2”.., that is, 41=1 with no parity 
change. From the Coulomb excitation experii 
ment™ this level is known as rotational levell 
hence the spin and parity of the first exciteci 
state are 9/2—. The proposed nuclear energy) 
level scheme is shown in Fig. 8. The energy 
and intensity of beta-rays for this scheme well 


taken from the results of Bonboeffer et al.'” 
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Introduction 


is 1. 


- Natural selenium consists of the stable iso- 


82. When aselenium sample is irradiated by 
720-MeV bremsstrahlung, many radioactive iso- 
{ topes of selenium and arsenic are produced 
jby (7, ”) and (7, p) reactions. If the time of 
irradiation is comparatively short (several tens 
| minutes), the radiations from Se”, Se™, Se7™, 
I Se7m, Se®!, Sem, As?® and As*! are expected 
| to be observed. Since the activities of Se”™, 
{Se7™ and As*! have short halflives of 17.5 sec, 
}3.9 min and 32 sec, respectively, the dominant 
|radiations at about ten minutes after the 
termination of the bombardment may be caused 
by Se7?, Se78™, Se8!, Se®!™ and As’®. The decay 
characteristics of these isotopes have been 
‘known in some extent but not with good 
accuracy, although the isotopes of Se and As 
‘region with long half-lives are very well 
_studied. It, therefore, seemed to be worth 
while studying the decays of Se™™, Se*! and 
As’, 

Using an internal bombarding technique” 
recently developed in our laboratory and scin- 
' tillation spectrometers, such unknown radia- 
tions were investigated. 


$2. Experimental Arrangement 

The gamma-ray spectrometer consisted of a 
13-inch in height and 13-inch in diameter 
Nal(T1) crystal attached to the end of a DuMont 
type 6292 photomultiplier tube. In order to 
eliminate the beta background, it was neces- 


* Now at Japan Atomic Energy Reserch Institute, 
Tokai-Mura, Ibaraki-ken, Japan. 
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The decay properties of Se78m, Set and As%® have been studied by 
Gamma-ray spectra showed lines of energy 170, 
275, 335, 410, 480, 550, 650 and 840 KeV belonging to the decay of Se®. 
The decay scheme of Se®! was proposed with the aid of single and 
coincidence measurements of radiations. 
the ground states of Se®! and Br®! is represented by the 1.56-MeV beta 
In As?9, new gamma rays of 360, 440, 725 and 890 KeV were found. 
Beta-gamma and gamma-gamma coincidence measurements confirmed that 
a 44-min activity in selenium is attributed to Se73™. 
the beta-decay energy is 1.86-MeV and that there is no appreciable 


The mass difference between 


It is found that 


sary to place a 2 g/cm? polystyrene absorber 
between the sample and the crystal. Pulses 
from the photomultiplier tube were fed through 
a cathode follower and linear amplifier to a 
100-channel pulse-height analyzer. 

Because of the complexity of gamma-ray 
spectra to be analyzed with the scintillation 
spectrometer, a careful analysis of resolution 
and respone function was necessary. The 
energy calibrations were done using all or 
some of the following gamma-ray sources: 
Init4 7. g%ts Antes Cs®%, Zn, andsNa%%.4 iL he 
errors in energy measurements of gamma rays 
were within +5 KeV. 

The energy resolution as a function of energy 
E was determined from the full width 4E at 
the half maximum of the various monoenergetic 
photopeaks of Hg?, Cs'87, Zn®* and Na” cor- 
responded fairly well to the formula: 


MEY AE+B 
with A=—0.011, B=15 KeV. Measured pulse- 
height spectra were resolved with the aid of 
the reference spectra obtained using standard 
sources of Hg??, Au, Cs!** and Zn® under 
conditions similar to this experiment. A contri- 
bution due to bremsstrahlung of beta rays was 
subtracted from the pulse-height spectra using 
the spectra of bremsstrahlung of beta-ray 
sources of P®? and Sr®° which have no gamma 
ray. Acalibration of the photopeak efficiency 
vs energy was obtained by the coincidence 
method using sources of Se, Na?? and In'# 
(Fig. 1). In order to determine the intensities 
of the gamma rays J(y), use is made of the 
following eqation: 
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Kr) =r(7) 27) A(r) exp (— #4), 

where €,(7) and .2(7) are the photopeak efficiency 
and the solid angle for the detection of 7, 
exp(— yd) is the fraction of transmitted through 
the beta absorber. A(y) is the photopeak area 
which was calculated by assuming a Gaussian 
shape as photopeak shape, and by using the 
energy resolution of the crystal and the ob- 
served maximum height of the peak. The 
errors of the obtained intensities were few 
tens percents. 
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Fig. 1. Photopeak efficiency vs energy. 


The beta-ray counter consisted of an an- 
thracene scintillator 0.6-cm thick and 2-cm in 
diameter, attached to a DuMont 6292 photo- 
multiplier tube and protected from light by a 
2mg/cm? aluminum foil. The electronic system 
was identical with that of the gamma-ray 
spectrometer. In order to obtain the energy 
calibration curve of the spectrometer, the end 
points of well known sources, In!!4, P%2 and 
Aus, were determined using the Kurie plots 
without correction of the resolution of the 
phosphor. It has been proved that such a 
calibration without correction of the resolution 
is quite enough for our purpose. The errors 
in measured end-point energies were within 
+50 KeV. The irradiated samples were melted 
and spread on an aluminum foil 2 mg/cm? thick 
to make thin beta-ray sources. The average 
thickness of the sources was about 50 mg/cm?. 

In order to determine which of the observed 
gamma rays is in coincidence with beta rays, 
beta-gamma coincidence measurements were 
made using a conventional “ fost-slow ” coinci- 
dence circuit whose resolving time 27=80 my 
sec in the energy range between 0.07 and 1.3 
MeV. The radiations were viewed by a 
13-inch x 13-inch Nal(T1) crystal and a 0.6- 
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| 
cmx2-cm anthracene crystal which were; 
mounted on DuMont 6291 photomultiplier tubes. H 
To determine the coincidence ralationship of’ 
the gamma-rays, the beta-ray counter was re-_ 
placed with a second gamma-ray spectrometer... 
In the gamma-gamma coincidence experiments, ! 
the same “ fast-slow ” coincidence circuit men- | 
tioned previously was employed. In all the) 
coincidence measurements, a correction for? 
the accidental coincidence counts was neglible | 
because of the fast resolving time of the: 
coincidence circuit. 


§3. Results and Discussion 


A sample of natural selenium metal of 
300 mg was exposed to the 25-MeV betatron. 
bremsstrahlung for twenty minutes and dis - 
placed in front of the gamma-ray spectrometer 
the spectrometer was turned on for an appro-: 
priate time interval and the measurement was. 
continued successibly for seven hours after the | 
irradiation. Fig. 2 shows the spectra counted. 
at 4, 36 and 513 min after the termination of | 
the bombardment. In this spectrum, there are | 
seven outstanding peaks at 100, 275, 345, 410 
485, 725 and 875 KeV. Following the decays i 
of these peaks, it was found that the gamma | 
rays displayed on the spectrum contained | 
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Fig. 2. Gamma-ray spectra of irradiated selenium 
sample with 25-MeV bremsstrahlung. (a), (b) 
and (c) show the spectra at 4, 36 and 513 min 
after the termination of bombardment. 


| 1960) 


if radiations of the isotopes, Se’, As’® and Se®!, 
j) and the isomers, Se™™ and Se*!™, The spectra 
|| were not disturbed by the (7, p) product (As*!) 
} of Se®’, since the activity has a short half-life 
of 32 sec”. In order to assign the decay pro- 
} perties of Se7*™, As’®, Se*! and Se®™, radiations 
| of the activities were studied separately. 
3.1 Sev™ 

! The radioactive decay of Se’? has been in- 
® vestigated by F. Scott?) and R.W. Hayward 
ffand D.D. Hoppes*. In selenium, the 44—min 
radioactivity® having the beta-decay energy of 
1.70.2 MeV has been proposed to Se™™, 
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Fig. 3. Decay curve of gamma rays in coincidence 
with 510-KeV annihilation radiations. 


In order to verify the existence of the 44-min 
} isomer without disturbance of other background 
radiations, the gamma rays in coincidence with 
| the 510-KeV annihilation quanta were measur- 
|ed. A natural selenium metal was irradiated 
) with 25-MeV bremsstrahlung for twenty min- 
} utes, and the decay of the coincidence gamma 
ray was followed for about six hours. The 
decay curve consisted of two components of 
44-min and 7.1-hour half-lives as shown in 
Fig. 3. The gamma-gamma coincidence spec- 
trum between 10 min and 80 min after a 20 
min bombardment was compared with the 
coincidence spectrum of Na® taken under con- 
ditions similar to this experiment, which is 
‘shown in Fig. 4. Moreover, no intensive 
| gamma rays were found when the coincidence 
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spectrum was observed with two spectrometers 
at 90° each other. These results show that 
an upper limit of the gamma-ray intensity 
ratio for annihilation quanta does not exceed 
1%. It is supported from these evidences 
that the radiation with the 44-min half-life 
belongs to the positron decay of Se7?”. 
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Fig. 4. Gamma-rey spectrum in coincidence with 

annihilation quanta. The solid line shows coin- 
cidence spectrum of Na? taken under similar 


0 10 50 


conditions. 


Using the beta-gamma coincidence method, 
the positron decay energy of the isomer was. 
measured. In this measurement coincidence 
gates were opened with the pulses corre- 
sponded to the photopeak of the 275-KeV 
gamma ray for an investigation of Se*! decay 
characteristic. However, the beta rays emitted 
from Se™™ could be mearured for the existence 
of Compton pulses of the annihilation quanta 
in this gate. The Kurie plot of the obtained 
beta-ray spectrum is shown in Fig.5. In this 
Kurie plot three beta-ray groups having the 
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end point energies of 1.01, 1.32 and 1.86 MeV 
were found. Following the decays of each 
beta-ray group, the 1.86-MeV beta group was 
identified as positrons of Se”™ with the half- 
life of 44 min, and the beta rays of the 1.32- 
MeV end point was found to belong to the 
wellknown 7.1-hour decay of Se. (The 1.01- 
MeV beta group will be disscused in the 
later section of Se®). The energy of this 
isomeric level was determined to be 130=£50 
KeV from the beta-ray end-point energy of 
1.86 MeV and the decay scheme of Se”. 
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Fig. 5 (a). Fermi analysis of the beta-ray spec- 


trum in coincidence with Compton pulses of 
annihilation quanta. (b). Fermi analysis of the 
positron group of Se. (c). Fermi analysis of 
the beta group in coincidence with the 275 KeV 
gammr-ray. The second and third groups 
obtained by the subtraction method. The self- 
absorption corrections are not yet applied. 


The nuclear shell model predicts that for 
nuclei with 39 neutrons the two lowest lying 
states will be 1/2 or g9/2 levels with nearly 
the same energy. From the knowledge that 
Zn*® and Ge"! with 39 neutrons have an isomer 
of M 4 type, and that the ground state spin 
of Se? is g9/2, the isomeric state of Se” 
should be expected to be p1/2. The isomeric 
transition of M 4 type in Se’ will be expected. 
However, according to Weisskopf’s single par- 
ticle estimate with correction for the internal 
conversion process a partial half-life of such 
an @M 4 transition must have an order of 108 
hours, which makes the branching of such a 
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transition negligible. Since the isomer has no | 


gamma ray, the log ft value is determined to 


be 4.9, which suggest an allowed transition. — 
Therefore, it is concluded that the positron | 
group leads to the ground state of As’ which | 
has a (3/2 single particle state, and that the | 
A p3/2 state | 


isomeric level is a f1/2 state. 
cannot be expected, since its isomeric transition 
must be E 3 type and then the partial halflife 
must have an order of second. A systematic 


change of the energy splitting between p1/2 | 


and g9/2 states in each of three isomers of 
Zn**, Ge?! and Se is shown in Fig. 6. 

Using the decay curve of the annihilation 
quanta, the yield ratio of the ground and 


isomeric states of Se’? by the photo-neutron | 


emission was calculated to be 1:0.3 with the 
correction of the K electron capture decay 
which was done using the table of Wapstra 
Nijgh and van Lieshout®. Again, the value 
is one of the supports of the assignment of 
this activity to Se?™. 
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Fig. 6. Change of the energy splitting between 
pi1/2 and g9/2 states in »=39 isomers. 


3.2 As” 


Butement, Cuningham and Ythier” pointed 


out in their studies that As’® decayed to the 
96-KeV isomeric level of Se7® with the half- 
life of nine minutes without any appreciable 
gamma ray. 


In the present investigation, chemical sepa- 


rations were performed in order to see the | 
gamma-ray associated with As’ without con- | 
fusing radiations. Selenium dioxide powder was | 


irradiated for ten minutes and then dissolved 
into hot 10N HCl with arsenic carrier and the 
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\) arsenic was extracted by CCl. 


Fig. 7 shows the gamma-ray spectrum which 


‘| was taken from 4 min to 24 min after the 
| termination of the bombardment. 
4 in Fig. 7, there are four outstanding peak at 
‘} 95, 360, 440 and 510 KeV. Following the 
‘) decays of these peaks, the former three lines 
‘| were found to be the radiations associated with 

I As’, 
‘} to O% activity from the decay period. 
| over, it was found that weak gamma rays of 
t energies of 725 and 890 KeV belong to As’. 
These results were consistent with the spec- 
| trum (Fig. 2) obtained from the photoactivated 

} selenium sample which was not treated chemi- 
% cally. 


As shown 


The 510-KeV gamma ray was assigned 
More- 
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Fig. 7. Gamma-ray spectrum of As’. The dashed 
line shows the contribution by bremsstrahlung 
of the beta rays. 


Since the ground state of As’ is expected 
to be 3/2— and the ground and isomeric states 
of Se” have been identified to be 7/2+ and 
1/2—, respectively, it is considered that the 
observed gamma rays are the cascade transi- 
tion with the 96-KeV isomeric transition. Con- 
sequently, the total disintegration of As” 
should be obtained from the number of the 
96-KeV transition correcting for the 3.9-min 
half-life of Se7™. From these spectra, the 
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Table I. Relative intensities of the 
gamma radiations of As79 
Energy (KeV) Percent of total decay 
360 2.5 
440 2a) 
"25 ib.) 
890 ibe} 


intensity ratios per total decay were calculated, 
which is shown in Table I. 


SPO Seo 

The radioactive decay of Se*! has been in- 
vestigated by several experimenters”, and a 
57-min isomeric level” has been found. The 
beta ray spectrum of Se®*! has been studied 
with a 180° type spetrometer by Bergstrom 
and Thulin®, Rutledge, Cork and Burson”, who 
reported the the beta-ray endpoint energies of 
1.38 and 1.5 MeV, Respectively. However the 
respective gamma rays have not been reported 
previously. 

Heydenburg and Temmer’, Wolicki, Fagg 
and Geer! reported the 275-KeV level of Br*+ 
by means of Coulomb excitation. In 1958 and 
1959, Duffield and Vegor’”, Goodman and 
Schardt'®) found the 550-KeV level with 374 
sec half-life of Br®' by the reactions (y, 7’) 
and (p, 7). 

In order to determine the beta decay energy 
and gamma rays of Se®!, a natural selenium 
sample was irradiated by 12-MeV bremsstrah- 
lung for twenty minutes. Only the Se*! acti- 
vity was produced by bremsstrahlung of this 
energy, since the threshould energies in the 
(7, p) reactions are above 12 MeV, and Se™ 
and Se®? have the neutron binding energies of 
12.1 and 9.4 MeV, respectively. 

The Kurie plot (Fig. 8) of the beta-ray 
spectrum yielded a value of 1.56+0.05 MeV 
as the beta-decay energy. This agrees with 
the results by Rutledge etal within the ex- 
perimental error. In this Kurie plot the energy 
parts higher than 0.5 MeV were linear, and 
the summing of Compton electrons from 
gamma rays causes considerable distortion in 
the lower energy parts. The gamma rays of 
the sample were measured by a single crystal 
scintillation spectrometer. The peaks were 
found at 103, 170, 275, 410, 480, 550, 640 and 
840 KeV, and these gamma rays except the 
103-—KeV gamma ray of Se*!™ were assigned 
to Se’! by following the decay periods. 
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In order to determine the decay from the 
isomeric level of Se®! (57 min), the gamma 
ray spectrum of an irradiated sample by 25- 
MeV bremsstrahlung for sixty minutes was 
measured. No drastic change was seen. Beta- 
gamma coincidence spectrometry was also very 
helpful in determining the position of gamma 
rays in a decay scheme. Fig. 5 shows the 
Kurie plot of the beta-ray spectrum in coinci- 
dence with the gamma ray of 275 KeV which 
is one of the most strong gamma rays. A 
beta-ray group of 1.01 MeV was found besides 
1.3- and 1.8-MeV beta groups belonging to 
Se7? and Se?™, which were mentioned pre- 
viously. A beta-ray group in the energy region 
lower than 500 KeV may be questionable, since 
backscattering from the source and counts of 
electrons probably introduced a considerable 
Compton distortion of the low energy beta-ray 
spectrum. 
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Fig. 8. Kurie plot of the beta spectrum of Se®. 
Self-absorption correction is not yet applied. 


To determine the decay scheme, gamma- 
gamma coincidence measurements were made. 
The gamma rays of 105 and 275 KeV were 
found in coincidence with 170-KeV gamma 
ray. The 105- and 275-KeV gamma rays were 
in coincidence with the 275-KeV gamma ray. 
Besides these gamma rays, weak coincidence 
gamma rays of 170, 205 and 410 KeV were 
seen by a careful analysis of the spectrum. 
The 170- and 275-KeV gamma ray was in 
coincidence with the 410-KeV gamma ray. 
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Fig. 9 shows one of examples of the coinci- | 
In this figure the | 


peak at 510 KeV is due to the annihilation | 


dence gamma-ray spectra. 


radiation of Se’? in coincidence with its Com- 
pton pulses, which was verified by following 


the decay. When the coincidence gates were 


opened by the pulses from the gamma rays 
of 550, 650 and 840 KeV, no intensive photo- 
peaks were observed. In the case of the 
550-KeV gate, the radiations were viewed 


with two spectrometers at 90° each other in | 


order to avoid the suprious coincidence by the 
annihilation quanta in the Se”? decay and the 
Se?™, In this coincidence spectrum, a weak 
gamma ray of 290 KeV was observed. In all 


measurements, no gamma ray which is in | 


coincidence with the 335-KeV gamma ray was 
observed. 
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Fig. 9. Se8! gamma-ray spectrum in coincidence 
with the 275 KeV gamma rays. 


20 40 


From the gamma-gamma coincidence meas- 
urements and the single crystal spectrometer 
result which is analyzed to each gamma ray 
(Fig. 2), the intensity ratios of the gamma 
rays were calculated. The spectrum of Fig. 
10 was obtained from Fig. 2(a), from which 
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Fig. 10. Analyzed gamma-ray spectrum of irradi- 
ated selenium sample with 25-MeV bremsstrahl- 
ung. The dashed line shows the contribution 
by bremsstrahlung of the beta ray. 


Relative intensities of the 
gamma ray of Se%! 


Table II. 


Energy (KeV) | Percent of total decay 


105 


the contribution of the gamma radiations 
belonging to Se’? has been subtracted. The 
results are summarized in Table II. 

3.4 Decay Scheme of Se*! 

The above results indicate that the radioactive 
decay of Se*! is accompanied by the gamma 
rays of energies of 105, 170, 275, 410, 480, 
550,-650 and 840 KeV. The measurements of 
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the half-lives in all experiments and the 
measurements of the radiation of the source 
irradiated by 12-MeV bremsstrahlung also 
indicated that these gamma rays must be attri- 
buted to Se*t. The Kurie plot of beta-ray spec- 
trum measured by the single crystal beta-ray 
spectrometer shows that the beta-decay energy 
of Se®! is 1.56 MeV. and that there is no in- 
tensive branching since the Kurie plot is quite 
linear over the region from the end-point 
energy to about 0.5 MeV. 

The beta-gamma coincidence measurement 
indicates that the gamma ray of 275 KeV is 
fed by the beta ray of 1.01 MeV. A difference 
between this energy and the 1.56 MeV beta- 
decay energy propose that there is a level at 
550 KeV in Br®!. On the other hand, the 
275-KeV level in Br®! has been known as a 
5/2— state from the Coulomb excitation, 
(pb, r) and (7,7’) reaction experiments, and 
the ground state of Se®' has been assigned to 
be a 1/2— state. Since a beta decay between 
the 1/2— state and the 5/2— comes to be a 
second forbidden transition, a beta ray popu- 
lating the 275-KeV level of Br®! will not 
compete with other transitions. The infor- 
mation from the gamma-gamma coincidence 
spectrum gated by the photopeak pulses of 
275-KeV gamma ray strongly suggests that 
there is a level at 550 KeV which feeds two 
equal energy gamma rays of 275 KeV. It is 
supported by the fact that there is the gamma 
ray of energy of 550 KeV in the spectrum 
measured by the single crystal spectrometer. 
The gamma-gamma coincidence spectra in 
coincidence with 275- and 170-KeV gamma 
rays suggest the energies of four levels at 
170, 275, 550 and 690 KeV in Br*'. It is con- 
sistent with the gamma-gamma coincidence 
result gated by the 410-KeV gamma ray, and 
the intensity relations are consistent with the 
fact that the 275-KeV level is not populated 
by a beta ray as found in the beta-gamma 
coincidence experiment. Since the coincidence 
counts with the 410-—KeV gamma ray are very 
small, it is considered that there is a level 
at 410-KeV. An absence of strong gamma 
rays in coincidence with 550, 650, and 840 KeV 
shows the levels at 550, 650 and 840 KeV. 
The weak gamma ray of 290 KeV in coin- 
cidence with the 550-KeV gamma ray may 
be a transition between levels at 840 and 550) 


KeV. 
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The relative intensity ratios of the beta rays 
were calculated to see if the intensity ratios 
of the gamma rays might be interpreted to 
be consistent with each other. Then the 
intensities of each beta ray per total disinte- 
gration of Se’! were determined from the 
comparison between the intensities of the 
103-KeV gamma ray (isomeric transition of 
Se®!™ with the 57-min half-life) and the 57—min 
component of each gamma ray. In this de- 
termination, the intensity of the 103-KeV 
transition was corrected by the internal con- 
version coefficient of the value of wa=11, and 
the number of disintegration of the Se*! ground 
state made from the Se*!™ isomeric transition 
was calculated. The branching of the beta 
group having the 1.01-MeV end-point energy 
and populating the 550-KeV level of Br®! was 
obtained to be 2% for the total disintegration 
of Se®t. According to verification of the 
branching ratio, the gamma-ray spectrum and 
the beta-ray counts of a source were simultane- 
ously measured by a Nal(T1) spectrometer and 
a Geiger Muller counter. The source was 
irradiated by 12-MeV bremsstrahlung for 20 
minutes. The branching ratio of the beta ray 
feeding the 550-—KeV level of Br*! was ob- 
tained to be 2%, which was in good agree- 
ment with the previous result. The obtained 
intensities of various beta groups are listed 
in Table III together with their associated log 
Jt valus which are computed from Moszkowski’s 


Table III. Relative intensities and log ft values 


of the various beta-ray transitions in the decay 
of Se! 


Percent of 


Energy (MeV) total decay | log ft 
1.56 92 De2 
ec 13 6.6 
il ill 1.0 6.2 
1.08 1S Nay, 
1.01 B® Bi 
0.88 0.5 6.1 
On 


0: 5.6 

nomographs. The relative intensities of gamma 
radiations were normalized to total decay due 
to the similar way. A tentative decay scheme 
which is consistent with the observations is 


shown in Fig. 11. The 335-KeV gamma ray 
cannot be illustrated on the decay scheme, 
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since any gamma ray has not been observed 
in coincidence with the 335-KeV gamma ray. 

In the experiment of (p, 7) and (7, 7’) re- 
actions, a level at 550 KeV has been assigned 
to be a 9/2+ state which is an isometric state 
with the half-life of 37 usec. However, the 
550-KeV level in this experiment must not be 
the 9/2+ state, since the log ft value of the 
1.01-MeV beta ray is 5.7 which suggests that 
the 1.01-MeV beta decay is either allowed or 
first forbidden transition. Therefore, it is 
concluded that the 550-KeV level in the pre- 
sent investigation is a new level near the 9/2+ 
state, and has a low spin value and an odd 
parity. 


7/2+ 103 57m 


18m saSea7 


088 05%, 6. 
1,01 2.0%, 5. 


108 18%, 


115 1.0%, 6: 


139 13%, 6 


156 92%, 


Stable 3,83) A 


Fig. 11. Tentative decay scheme of Se®!,. 

The 550-KeV level of the 9/2+ state may 
be populated directly from Se®!™ having the 
spin and the parity of 7/2+, since the beta 
transition is expected to be an allowed type. 
Therefore, the decay of the 275-KeV _ photo- 
peak must contain a component with the half- 
life of 57 min. However, the experimental 
results shows an absence of this component. 
An upper limit of the beta branching was 
determined to be about 0.005% for the 103-KeV 
isomeric transition, and the associated log ft 
value was computed to be 8.9. Such large 
values of log ft in allowed transitions between 
the high spin states have often appeared in 
this mass range. For example, in the case 
of transition from the 7/2+ to the 9/2+ 
state in Ge’’>As7, the log ft value has been 
known to be 8.0"). 

Since the other beta rays have comparatively 
low values of log ft and the Se*! ground state 
has been known as a 1/2— state, the various 
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leves of Br®! appearing in the decay of Se®! 
are expected to be low spin and odd parity 
states; 1/2—, 3/2—. In this mass range it is 
characteristic that many levels are seen having 
low spins and odd parities. 

The author is deeply indebted to Prof. H. 
) Morigana for interesting discussions in this 

study. 
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SLi Emission from Nuclear Disintegrations Produced by 
4.3 GeV Negative z-Mesons 
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Fifty-five *Li fragments from heavy element disintegrations produced 
by 4.3GeV negative x-mesons were found. The frequency, the energy 
and angular distributions of these *Li fragments were compared with 
those of the fragments produced by 5.7GeV proton beam reported by 
Goldsack et al. No appreciable difference has been found between the 
two cases. Of light element disintegrations, the frequency of 8Li frag- 


ments was found to be about 0.006. 


§1. Introduction 

In 1957, Goldsack et al. studied *Li emis- 
sion from heavy element disintegrations pro- 
duced by 5.7 GeV protons and reported energy 
and angular distributions and frequency of 
those fragments. The present work involves 
an investigation of *Li fragments from nuclear 
disintegrations produced by 4.3 GeV negative 
7-mesons. 

It has been found in this laboratory that 
both the mean number of black prongs in the 


stars (Nn=7) produced by 6.2 GeV proton beam 
and that produced by 4.3GeV negative pion 
beam are nearly equal to 10. Thus, it may 
be plausible to assume that the average ex- 
citation energies of both stars are nearly equal 
(~380 MeV), and, in consequence, the fre- 
quencies of emission of ‘Li fragments may 
also be equal. A similar consideration may 
be allowed in the case for 4.3GeV pion and 
5.7GeV proton. On the other hand, since 
there is a certain difference between the two: 
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incident energies, if the frequency of emission 
of heavier particles is assumed to depend on 
the incident energy, the frequency in the 
present case may be expected to decrease 
with decreasing energy. Hence, an attempt 
has been made to compare the frequency, the 
energy and angular distribution of the two 
cases. : 

8Li fragments from light element disintegra- 
tions are also studied. 


§2. Experimental Procedure and Results 


A stack of Ilford G5 emulsions 600 4 thick 
and of size 3’’x4’’, exposed to 4.3GeV nega- 
tive pion beam from the Berkeley Bevatron 
was used. 

Each star with a minimum track in the 
direction of negative z-mesons was examined 
under a x60 oil objective, and all black prongs 
were followed up either to their ends in the 
emulsion or to the points at which they left 
the plates. All the “hammer tracks” found 
were assumed to be due to ®*Li nuclei, it has 
been known that a small proportion of the 


hammer tracks may be due to °B or °®Li 
nuclei”. 
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Fig. 1. Energy distribution of the 8Li fragments. 


The solid histogram represents that of 4.3GeV 
negative x-mesons. The dotted histogram re- 
presents that of 5.7GeV protons obtained by 
Goldsack et al. 


In total 6700 stars examined, 65 examples 
of *Li emission were observed. One star with 
two hammer tracks was also found. Of the 
parent stars, 54 had 7 or more heavily ioniz- 
ing prongs, and hence correspond to heavy 
element disintegrations; of the remainder only 
6 which had no short recoils were considered 
to be due to light element disintegrations. 

Using the range-energy relation, the energy 
of each fragment was estimated. The energy 
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distribution of *Li fragment from the heavy 
element disintegrations is shown in Fig. 1. 
The distribution has been corrected for the 


loss of fragments leaving the emulsion before 


coming to rest. 

The angular distribution of the fragments 
is plotted with an interval of equal solid angle 
with respect to the direction of incident beam 


in Fig. 2, in which the forward to backward | 


ratio was found to be nearly unity. 
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Fig. 2. Angular distribution of the SLi fragments, 
plotted in equal intervals of solid angles, and 
measured with respect to the direction of the 
incident negative x-mesons or protons. The 
solid histogram represents that of 4.3 GeV nega- 
tive n-mesons. The dotted histogram represents 
that of 5.7 GeV protons obtained by Goldsack 
et al. 


The stars having *Li fragments have been 
divided into some groups with respect to their 
different number of heavy prongs, as shown 
in Table I, in the same manner as had been 
done in the case of 5.7GeV proton reported 
by Goldsack et al. The frequency of emis- 
sion of *Li fragments for each group was 
estimated and is listed in Table I together 
with the data of 5.7GeV proton. The mean 
value of the frequency was found to be 0.014 
+0.001. 

The stars (Nn=3) with less than five black 
prongs were tentatively classified as light ele- 
ment disintegrations, if they had no short 
recoil. Although some uncertainty is inevi- 
tably included in this classification, the fre- 
quency of the *Li emission has been evaluated 
to be about 0.006. 


| In order to interpret the above fact, it may 
je of use to follow energy and angular distri- 
joutions more in detail. Hence, the data are 
jlivided into two groups depending on the 
jzumber of black prongs in the parent stars. 
[The fragments from stars with less than 12 
lack prongs (‘small’ stars) and those with 
\2 or more black prongs (‘large’ stars) were 
|:ompared with .corresponding data of proton, 
lespectively. There are 17 observed events 
jn the first group and 38 in the second. 

The energy and angular distributions of the 
|ragments from small stars and large stars 
xcept the angular distribution of small stars 
jire all similar to those of 5.7GeV proton. 
jAccording to Goldsack et al.” the fragments 
rom the large stars are ejected as the part 
bf evaporation process, since their angular 
Histribution was essentially isotropic, as it 
should be for an evaporation process. This 
lloes not differ from the present case. On 
he contrary, the angular distribution of the 
jimall stars obtained by them was markedly 
\misotropic, which differs from the present 
jlistribution as shown in Fig. 3. 

In the present experiment, the ratio of the 
|ragments from the small stars to that from the 
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Table I. 
No. of Black | No. of Fragments Frequency Frequency 
Prongs No. of Stars = (4.3 GeV x-) | (5.7GeV proton) 
| Observed Corrected Present author Goldsack et al. 
5- 8 2134 | 11 lee? 0.0057 +-0.0018 0.0059+-0.0012 
9-11 1072 | 6 6.8 0.0064+0.0026 0.0186+0.004 
12-14 672 18 20.2 0.030 +0.007 0.0186+0.004 
15-20 378 19 20.8 0.055 +0.013 0.0275+0.007 
ZV Al 45 1 ae 0.03 0.05 
Mean value | 4301 Shee te eo Tt 0.014 +0.001 | 0.013 +0.001 
i§3. Discussion 
The energy distribution in Fig. 1 shows i> 
‘that most of the fragments have energies be- id 
‘tween 8 and 40 MeV but that there is a con- ; 
siderable high energy tail. It is readily seen | 
that this distribution is similar to the case of 
}).7GeV proton obtained by Goldsack et al. “s 
twhich is indicated by dotted line in the same 2 ! 
‘Figure. However, the nearly isotropic angular S | 
distribution in Fig. 2 indicates that most of nf a ae 
ithe fragments may be emitted as part of the = H | 
evaporation process. This seems to differ §& tasemaa omc: 
from the results of 5.7 GeV proton. E 3 ! 
Zi 
| 
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Fig. 3. Angular distribution of the 8Li fragments 
ejected from stars with less than 12 black 
prongs. The solid histogram represents that 
of 4.3GeV negative x-mesons. The dotted 
histogram represents that of 5.7GeV protons 
obtained by Goldsack et al. 


large one is about one half, while in the case 
studied by Goldsack et al. the ratio is about 
4/3. Further, as seen in Table I the frequency 
of such small stars is smaller than that of the 
large stars. Hence, it may be said that the 
present result is not essentially inconsistent 
with that obtained by Goldsack et al. as most 
of the fragments are due to the evaporation 
process. Namely, the proportion of the frag- 
ments which have relatively high energies 
and may be ejected in the forward direction 
seen in the case of the small stars is small 
in the present case, and consequently the 
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contribution of these fragments to the total 
angular distribution may be inappreciable. 
However, the isotropic distribution in Fig. 3 
may be partly considered to be due to its 
poor statistics. Since Imaeda et al.” have 
studied the angular distribution of the frag- 
ments under the same beam exposure as in 
the present investigation, the data may be 
more reliable in statistics if the present re- 
sult is combined with theirs. The combined 
result is shown in Fig. 4, in which the dif- 
ference from the case of proton is hardly 
recognized. 

The mean value of the frequency agrees 
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Fig. 4. Angular distribution of the 8Li fragments, 


the data of Imaeda et al. were combined with 
ours. 
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quite well with that of 5.7 GeV proton, though) 
a certain difference is seen for each group.) 
This indicates that, on the average, the fre-, 
quency of emission of *Li fragments rathery 
depends on the excitation energy of stars than 
on the incident energy. | 

For the *Li fragments from light element 
distributions, only a paper by Munir has been 
reported”. He studied the frequency of the 
fragments from nuclear disintegrations induced 
by 950 MeV protons. From 3400 light element 
disintegrations with four or more prongs he 
obtained the number of ®Li nuclei to be 22.5) 
from which the frequency can be obtained tc 
be about 0.007 which is very close to thé 
present result of 0.006. The coincidence ef 
the frequencies of the above two cases, im 
spite of the difference in their energies, may 
be interpreted, if it is assumed that *Li frag 
ments are due to nuclei after a light elemen 
breakup. 
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- the constituent lattice imperfections could not 


| 


: 


P§1. 


‘representing the 


shearing translations. 


Introduction 


Any model theory of liquid, regarding the 
liquid state near the melting point as a kind 


of imperfect crystal, makes use of lattice 
imperfections known in the field of crystalline 
solid, such as the vacant site”, the disloca- 


tion”, and the grain boundary*. In these 


‘theories, as to the excess entropy stabilizing 
‘the liquid phase compared to the solid phase, 
the interest is rather directed to the configura- 


tional entropy such as those due to the ran- 
domness in distributing the said imperfections. 

The concentration of lattice imperfections 
liquid state, however, is 
expected very large and the interactions be- 
tween the constituent imperfections is expected 
accordingly very strong to the order unusually 
experienced in the field of crystalline solid. 


Under the circumstances, the individuality of 


necessarily be preserved, in the sense that 
the distortion of the lattice might not be 
restricted locally near the core of each im- 
perfections. 

In the field of the theory of liquid, the 
importance of the modulation of lattice vibra- 
tions due to the anharmonicity of potential is 
well recognized. Mott? has succeeded in 
early days in relating the change at melting 
of electric resistivity to the modulation of 


eigen frequency, although the theory did not 


stand on any structural background. In the 
field of crystalline solid, the modulation of 
lattice vibrational spectrum due to anharmonic 
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As a structural model of liquid, a crystal threaded by fine network of 
dislocations is proposed. The main prepositions characterizing the model 
system are the elastic distortion of the mesh material in bulk rather than 
the local distortion at the core of the constituent dislocations, the 
frequency modulation for the transversal shear waves due to the anhar- 
monicity of the potential, and the introduction of degenerated non-harmonic 
With the prepositions, the model system is shown 
to display a kind of first order phase transition between an imperfect 
crystal as representative for the liquid phase and a perfect crystal as 
representative for the solid phase. 
frequency modulating coefficient, the only adjustable parameter, is esti- 
mated under comparison with the experimental data of noble metals. 


The order of magnitude of the 


potential is discussed by several authors®).®),”),®) , 
for cases of point lattice defects such as the 
vacant site and the interstitial atom. 

Under the circumstances, in the representa- 
tive model of liqid crowded with lattice im- 
perfections, the elastic distortion of the lattice 
in bulk is expected large enough to contribute 
much to the entropy gain of the system due 
to anharmonic modulation of eigen frequency”. 
Here we present, standing on these char- 
acteristics, a model theory of liquid consti- 
tuted of aggregate of crystallities in state of 
self-strain stabilized thermodynamically. 


§2. Model Proposed 


We consider a crystalline solid threaded by 
fine network of dislocations. When the dis- 
location segments are far apart from each 
other as it is usually in the field of crystal 
plasticity, the lattice distortion is localized 
near the core of dislocations. But, as the dis- 
location segments constituting the present 
model of liquid are expected neighbouring at 
a distance of the order of several atom spac- 
ings, we assume, instead of the localized 
distortion at the core of dislocations, rather 
the distortion in bulk of each lattice material 
at the mesh of the dislocation network. For 
a given density of lattice imperfections, the 
excess energy as well as the excess entropy 
of the system over those of the perfect crystal 
are functions of the degree of diffuseness of 
the said imperfections. We ought in general 
to evaluate the degree of diffuseness by varia- 
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tion principle to minimize the free energy. 
For system of scarce density of lattice imper- 
fections at low temperature, as it is usually 
in the solid state, the excess energy favours 
the lattice distortion well localized at the core 
of imperfections. For system of large density 
of imperfections at high temperature, how- 
ever, the predominance of the excess entropy 
is expected to favour the lattice distortion 
rather diffused out in bulk material®. The 
present model assumes the extreme case of 
the latter as to the diffuseness of lattice dis- 
tortion in liquid state. 

The model is shown schematically in Fig. 1 
for the case of two-dimensional simple cubic 
lattice, where the lattice points at the mesh 
are disposed in state of self-strain in bulk 
so as to relax the local strain at the core 
of dislocations. It can be seen that almost 
all the material is under shearing strain to 
the order of a/aa, where a is the atom spacing 
and 2aa is the average spacing between the 
like dislocations. The excess energy of the 
model system in three dimension over that of 
a perfect crystal without dislocations can be 
approximated by 


Uy==-Nu(alaa)'v» ' ‘ee 


where N, yu and vo are the number of atoms, 
the rigidity, and the atomic volume, respec- 


tively, The factor 3 is due to the three inde- 
Ef ee gieore: foe Se Sf \6 dee ete aoe 
i Seed e i oth iebet 
= feyrepetat beta peng tibet 
ox bbe! 


Fig. 1. Schematic representation of the model 
system for the case of two-dimensional simple 
cubic lattice, as an imperfect crystal threaded 
by fine network of dislocations. Note the elastic 
distortion of the mesh material in state of self- 
strain. 2aa is the average spacing between the 
like dislocation segments. 
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pendent components of shear strain. 

The dislocation is the lattice imperfection 
originally introduced in the field of crystal 
plasticity. Its prominent feature discriminat- 
ing it from other lattice imperfections is that 
the elastic shearing strain energy can be dis- 
sipated by the movement of dislocations 
introduced’. Now, in the present model of 


liquid threaded by dislocation network, the, 


constituent dislocation segments are forced, 
under the 


influence of the thermal shear - 


eee ee 


waves, to move in such a manner as to result 


a kind of plastic flow of the material to anni |} 


hilate the elastic shear strain energy associated 


with the thermal shear waves. 


Taking ac. 


count of such a dynamical character of the 


constituent dislocations of the present model, f 
the transversal shear waves with the wave 


length longer than the average spacing 2ad@ 


of the constituent dislocation segments are 


expected to be attenuated by the appropriate 
movement of the dislocation segments. For 
sake of simple treatment, we assume, defin- 
ing a critical wave length 4*=2aa or a cor- 
responding critical wave number 


Ri S2rlA*Szaa . 


survive as vibrational modes but that the 


thermal shear waves with wave number k<k* 1 


(A>A*) shall degenerate into translational 
modes. This means that we expand the sole- 
noidal displacement u(r, t) of atom at coordi- 


nate rn in the form 
u(rn, t)= e 
WW 


WN py Bis exp (tkrn) 


tt , , 
t a By, exp (tkRm) (3) 


with Bu Lra and BulRm, i=1, 2 specifying 


the polarization. The coordinate Rm is defined — | 


as such a representative coordinate for each 
mesh material that the same Rm stands for 
every rn belonging to all lattice points of the 
m-th crystallite (see Fig. 1). M=WN/a?’ is the 
total number of the crystallites. These trans- 
lational thermal modes correspond to the rela- 
tive shearing translation between the mesh 
material, each material or the crystallite be- 
having as a kinetic unit, so to speak. It is 
to be noted, however, that the translational 
freedom is introduced as to the solenoidal 
displacement but not as to the irrotational 


(2), 
that in the model lattice the thermal shear | 
waves with wave number k>&k*(A<A*) shall | 
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displacement, and so the total number of 
gdegenerated translational modes is equal to 
fitwice the number of crystallites. 

{ Thus the Hamiltonian of the model system, 
of atomic mass m, is assumed in the form 


i 


P=Uot pte (Ci-+m*o2, Ad) 


Nae. 2 Dye 2 
+ Die Im (D2, +m 2, Bz.) 


We tee SY no 
te 2ma? Dir va 


The first term U> in the right hand side is the 
configurational excess energy given by Eq. (1), 
#the second term represents the longitudinal 
vibrational modes each of eigen frequency 
@:x, the third term represents the surviving 
ransversal vibrational modes, each of modified 
eigen frequency w,:, and the fourth term 
represents the transversal translational modes. 
A; and By: are the normal coordinates, and 
Cy, Dy and Dri are the momenta, respec- 
“tively. 

As to the modulation of eigen frequency 
for the transversal shear waves, the main 
scause of modulation is the shear strain of the 
‘material in state of self-strain, x=a/aa. To 
evaluate this anharmonic modulation of the 
eigen frequency ::(x«) for strained material, 
we tentatively assume, by symmetry consider- 
sation, a functional relation 


OxKi(X)/W2ni =EXD (—437x?) ( 4) ) 


swith constant coefficient 7, where 2x: is the 
natural eigen frequency for unstrained crystal. 
‘It can not be’ denied that, as it is with 


ik 
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the Griineisen’s constant in the classical 
treatment of lattice expansion, this assump- 
tion is open to much debate, such as the dif- 
ferent modulation for waves of different wave 
vector, the dependence of the coefficient on 
the strain, and also the a posteriori variation 
of the constant with temperature. Eq. (5) is 
assumed for the present provisionally to 
develope the treatment of the model. 


§3. Partition Function 


As the classical liquid is under considera- 
tion in the present treatment, the partition 
function of the system is gived by 


Zan | Ae | exp(—SE/kT dz , 


where the integration extends over all the 
configurations available for N atoms. In the 
present crystallite model theory, all the con- 
figurations of the system can be grouped into 
subgroups, the members of each subgroup 
representing the configurations with a specified 
average mesh size aa. So we may wright in 
the form 


JE Yip3 bn, (6) 


The specific partition function for each sub- 
group is 


Zu=h-” | an exp (—SLIkT dr , 


where the integration extends over configura- 
tions available for each specified average 
mesh size aa. With the Hamiltonian (4), the 
specific partition function is calculated through 


Zach evorta| | ex 


>» maz zo 
= t————" Ax, }d AnrdCh 
omkT ‘ : 


2kT 


(kK<k*) 


x HH || exp} : 


1 2 
= Dy 
« mH] exp | aT 


~ 2QmabkT 


12 
MM2ki po 
Bis }dBudD, 
ORT k k kb 


De | dBisdDi (7) 


The integration range for the harmonic coordinates, A, and Br, can be extended from —co 


to +co, due to neglegible contribution from the extreme configurations. The integration 
range ABj, for the translational coordinates, Bi, is estimated to of the order of 


AB we ee 


k 


as follows. 


(R<k*) (8) 


As to the critical mode characterized by the wave vector k*, the transversal 


translational motion between two neighbouring layers of crystallites, the one in positive and 


ithe other in negative direction, is realize 


d by means of one intervening layer of constituent 
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dislocations (see Fig. 1). Because of the quasi-periodic distribution of the constituent disloca- | 
tion segments, the identical arrangement of dislocations is resumed each after one layer of 
dislocations moves by the period 2aa, accompanying relative displacement between two halves | 
of the crystal seperated by the dislocation layer amounting to the lattice constant a. Thus i 
we expect an integration range of amount a for the critical mode. As to the other modes 
with smaller wave number (k<k*), we have 4/4*(=k*/k) times as many intervening layers of } 
dislocations, each contributing by the amount a@ to the relative displacement between twe 
layers of crystallite at maximum displacement. With the integration ranges thus specified, | 
we obtain 


ln Zo=——— = ein 


a (9) 


Us ( kT kT )+2 inf Bement eal 
(kh<k*) 


hoy -)+2 Zin ( hw, h R 


By use of the spectra, g: and g:, each for the longitudinal and for the transversal modes, § 
we have, refering Eq. (1), 


ail in( A 
ORT “a, alae 


k* Osa 5 a * 
2 (8 in (V/2amIET a pak 
= \ a h a kb ee si 


Ke 
- adh +2 | in ( as adh 
c ke hwo, 
(10> 


Now we want to introduce the Debye approximation for the spectra 


=H INR, (11) 


k 
normalized to \ * gdk=N, independently of the introduction of network of dislocations. This | 
0 


approximation is not inconsistent with the introduction of the translational shearing modes byl i 
Eq. (3), as the total number of these degenerated translational modes 


2\" gidk= 2n(F,) =2n(e) =2N/a* (12) 


is equal to twice the number of crystallites. 


The partition function Z for an ideally perfect crystal is obtained as the limiting case of | 
infinite mesh size, a—oco and k*-0; | 


in Z=\" if ( LER 
0 ON 


From Eqs. (10) and (13), it follows 


Yee 3 F Ke 
ey (: 7)= _3N M0 1-249 [itn (22 erat 2 |” in {PRT a BE yay at Lede 


Ke 
Jaar+2 | in ( Rd: \gudl (13). | 
0 hoo 


Za 2Q2kT Wor h k hor, 


re can be transcribed, with the natural frequency wx=V uoo/mk and refering Eqs. (5) and 
Gib) to 


Ves 38NuV0 Mex \ {Fe ia 
In (= )=— 2 ze HY 
(2) Nie +2In( ze) \: oidk-+2 in| ch nt avr} k Bh 


_ _3Nuv0 
= ret +r. Na) +2 In | ee Ho cal eS. (14) 


Defining the atomic quantities z. and z) by Za=2e" and Z=z"%, we have 


Ve ONO z @ 
In hes) =(7-F a ‘+in(-F Aya a res ; (15). 


} 1960) 


f where the reference temperature @ is defined 
by 


RO io 


9 (16) 


8 4. Thermodynamical Characters 


The specific partition sunction Zis—zx." re- 
Presents the relative thermodynamical proba- 
bility of each subgroup specified by the 
faverage mesh size aa. As the relevent 
¢number of atoms J is sufficiently large, the 
jtotal partition function Z is substantially ap- 
proximated by the specific one Zz* for most 
'probable subgroup. The mesh size a*(T) for 
such a stable configuration is determined, by 
)Maximizing expression (15) as function of @ 
ifor each temperature, by - 


1 5 
lite aes ee eae 
n 3 3 +Ina@ 3 ra 
@ 
Sit sages ; (17) 


}In the followings, the stable size a* will be 
‘abbreviated merely by a. 

« As to the thermodynamical stability of the 
j present system relative to the solid, we may 
‘presume that the solid can be represented by 
ithe limiting case of infinite mesh size, that is 
ithe ideal crystal without any imperfections. 
| It might be argued that the real solid is not 
‘perfect but contains many lattice imperfec- 
itions, which give rise to the well-known 
i structure sensitive properties of the solid. In 
Hrespect to the thermodynamical quantities, 
‘however, we may assume these quantities 
characteristic to the solid rather insensitive 
to existing lattice imperfections. Under the 
i circumstances, the melting temperature Tm 
can be determined by the equilibrium condi- 
ij tion between the two phases, 2a=Z. SO we 
have, from Eq. (15) with the stable mesh size 
l a* of Eq. (17), at the melting point 


( 1p aint In ee x am ) =Tan - 
|For each specified value of the frequency 
modulating coefficient 7, Eqs. (18) and (17) 
determine the ratio 9/Tm between the melting 
temperature Im and the reference tempera- 
ture @ as well as the stable mesh size am at 
the melting point. 

The excess free energy 4f per atom in liquid 
state over that in the solid state is given by 


Af=—RT \n (Za/20) 


(18) 
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with the stable a* given by Eq. (17). The 
excess energy de=0(4f/T)/0(1/T) is calculated, 
noting that 0z./Oa=0 for a*, to be 


? 


(19) 
the first term in the right hand side being the 
configurational excess energy and the second 
term being the energy deficit due to degene- 
ration of 2M(=2N/a*) degrees of freedom 
from vibrational to translational. The melt- 
ing entropy 4s(Tm)=4e(Tm)/Tm is, accordingly, 

A3(Tn)=H 2 


given by 
=a? 
Tig ig ) ‘ 


where am is the stable mesh size at the melt- 
ing point satisfying simultaneously Eqs. (17) 
and (18). 


do=kT (Fa -a-*) = Set kT a 


ie 
Xn, 


(20) 


Fig. 2. Relative thermodynamical probability of 
subgroup at each constant temperature, for a 
specified value of ;=40. In the inset, the ordi- 
nate is magnified ten times. 


§5. Discussions 

The general trend of the relative thermo- 
dynamical probability za/z is plotted, accord- 
ing to Eq. (15), in Fig. 2 as function of the 
mesh size a at each constant temperature, 
assuming a tentative value ;=40 for the 
frequency modulating coefficient. It can be 
seen that at low enough temperature, 9/T=45, 
Zs increases with increasing a@ monotonously 
to zo, thus stabilizing the perfect crystal as 
representative for the solid phase, while at 
a high enough temperature, 9/T=35, za takes, 
at the stable mesh size a* satisfying Eq. (17), 
a maximum value exceeding zo, thus stabiliz- 
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ing the imperfect crystal as representative 
for the liquid phase. At an intermediate 
temperature Tm satisfying Eq. (18) as well as 
Eq. (17) for each specified 7, 9/Tm=40.74 for 
7=40, the most probable imperfect crystal 
represented by the average mesh size @m that 
maximizes za# is in equilibrium with the per- 
fect crystal of infinite mesh size, being seper- 
ated from each other by an intervening mini- 
mum of za, which is shown in the inset of 
Fig. 2. We have accordingly at the temper- 
ature Im a kind of first order transition. 
The numerical value 0/Tm=40.74 is estimated 
graphically from In (ze*/zo) versus 9/T plot 
for the case 7=40. The melting entropy 
As(Tm) for the transition is estimated by Eq. 
(20) to 1.51% in this case. Similar results ob- 
tained for each specified value of 7 are sum- 
marized in Table I. 


Table I. Predicted values at the melting point. 


r 30 40 / 50 
ae ets ti 5.18 5.30 
@/Tm | 30.78 40.74 50.67 


As(Tm)/k iL By 1.51 


The present model theory has, as can be 
seen in the above procedure, just one adjust- 
able parameter, the frequency modulating 
coefficient 7. The reference temperature @, 


defined by Eq. (16), is determined by the| 
rigidity 2 and the atomic volume w or by the 
atomic mass m and the propagation velocity | 
v: of the transversal wave through 


kO = S10 =e ove? Vo = = mv: . (21)) 


As the coefficient y is introduced in the 
present treatment rather tentatively, we want | 
to estimate the probable value of this coe- 
ficient a posteriori in comparison with the 
experimental data. It seems legitimate te) 
choose metals as the material for comparison, 
because the dislocation characterizing the 
present model is the lattice imperfection well 
established in the field of crystal plasticity of ' 
metals among others. The experimental data ~ 
for noble metals is shown in Table II. t 

As to the ratio @/Tm, the experimental 
value for these metals is very close to 40, 
which suggests, refering Table I, a value 
nearly equal to 40 for the frequency modulat-_ 
ing coefficient 7. For other face-centred cubic 
metals, the experimental value of the ratic 
ranges between 30 and 50. For body-centred > 
cubic metals, iron and tungsten, the ratio is 
of order of 60. In the poor state of the pre- | 
sent theory inherent from many approxima- 
tions, we are reluctant from discussing speci-_ 
fically solely on the coefficient 7, but it seems. 
that the order of magnitude of the coefficient 
can be evaluated empirically on these lines. 


Table II. 
5 Qn: Ut ‘spit .8 r ; 5 ; 

Metal Pm CK)“ (iccal/mnol) As/k Giese) weight 6 (°K) O/Tm 
copper | 1,356 au 1.15 2, 260 63.54 59,000 43.5 
silver | 1,238 2.69 1.10 1,590 107.88 49 , 200 39.9 
gold iece 3.05 1.15 


1,200 197.0 51,100 38.3 


As to the melting entropy 4s(Tm), the es- 
timated value exceeds the experimental one, 
and the discrepancy does not seem remedi- 
able by mere adjustment of value for 7. Now, 
in reviewing the prepositions introduced in 
§2, the expression (1) for the configurational 
excess energy of the model system seems to 
be criticized. We see in Table I that the stable 
mesh size a*a for the model system is less 
than several atom spacings. The average 
shear strain, a/a@a, is accordingly larger than 
1/10 and so, because of the anharmonic na- 
ture of the strain energy, the expression (1) 


excess energy. This overestimation in the 
configurational energy may be the cause 
resulting in the said discrepancy of the melt-_ 
ing entropy. 

The author wishes to express his cordial 
thanks to Prof. M. Kotani and Prof. T. Muto 
for criticizing discussions throughout. 
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o of a molecule. 


$1. Introduction 


In the current theories of statistical me- 
chanics, systems are usually treated in the 
limit of infinite volume keeping the density 
constant. The physical quantities thus evalu- 
ated are therefore independent of the shape 
and the size of the vessel containing the sys- 
tem. These treatments are however incon- 
venient when the size of the system is small, 
or when the thickness of container becomes 
very small. For example, the spin wave 
theory for thin ferromagnetic materials has 
been developed by M. J. Klein and R.S. Smith”. 
They have shown theoretically that the spon- 
taneous magnetization decreases with decreas- 
ing thickness. Their results are qualitatively 
in good agreement with experimental data of 
E. C. Crittendon and R. W. Hoffman”. Be- 
sides magnetic properties, we may cite many 
anomalous properties of thin substances, e. g., 
lowering of melting point®, increasing of elec- 
tric resistance”, and decreasing of specific 
heat*?. 

Another typical example of a small system 
is an atomic nucleus. Even for the heaviest 
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The effect of boundary wall on a dilute gas of hard spheres is dis- 
cussed. The free energy of the system is given as a function, not only 
of the volume, but also of the surface area of the container. 
mula for the excess free energy due to the surface (surface tension) is 
given both for classical as well as for quantum mechanics. 
correction substitutes the effective diameter ge for the classical diameter 


The for- 


The quantum 


atom, the number of nucleons at the surface 
of a nucleus is by no means negligible com- 
pared with the total number of nucleons. 
The surface tension and the surface energy 
play undoubtedly very important roles in de- 
termining the properties of nuclei. However 
statistical mechanics of nuclei, taking the 
effect of nuclear surface into account, is not 
yet fully developed. 

In these problems we are more or less con- 
cerned with the surface free energy, that is, 
the surface tension. This is defined as the 
excess free energy per unit surface area. In 
general the structure near the surface of any 
system is obviously different from that in 
bulk. Particularly, the surface tension of 
liquid has been investigated by many authors’ 
from the theoretical view-point. In the quan- 
tum treatment, A. Harasima et al.” has in- 
troduced the zero-point energy into the evalu- 
ation of surface energy, and M. Toda® has 
derived the general expression of surface ten- 
sion in terms of density matrix. 

Since, in general, the quantum treatment 
of the surface effect on a system of many 
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particles with mutual interaction is of great 
difficulty, only the case of a dilute gas is in- 
vestigated in this paper. Section 2, is devoted 
to classical dilute gas composed of hard 
spheres. Molecules interacting with square 
well potential is also treated in Appendix III. 
In Section 3, it is shown that by the quantum 
correction, the effective diameter of a particle 
must be larger than the diameter of a classi- 
cal molecule. 


§2. Classial Gas 

We shall begin with the case of a gas of 
very low density. The constituent molecules 
are assumed to be hard spheres of diameter 
o. If we increase area of the surface by the 
amount A, the volume which is accessible to 
the molecules diminishes by the amount Aa/2, 
since any molecule can not come closer to the 
surface than its radius o/2. For a very dilute 
gas the part of the free energy which depend 
on the volume V is given by —NkT logV, 
where N is the number of gas molecules. 
Therefore the increment of the free energy 
due to the new surface is given, for unit area, 
by 


(2.1) 
This is the first approximation for the excess 
free energy 7 per unit area of the surface. 
We may also apply Eq. (2.1) to the change 
in surface tension of liquid caused by solute 


7=—NkT log {(V—Ao/2)/ V}= 


bw | 


ua)=|"_dEa(ot—E) = 0 —a)(x +20—a) : 
We find thus the free energy F expressed by the formula 
AY NY exp -8F) =| eee |x “=axee -U 
=(V— Aa)" +NWN-1)/2-(V— Aa)*-# 
x |(— Eno ~Aa\(V— Aa)+ al" v(x)dx} + 
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molecules (Appendix I). ; 

When the density of the gas is higher, col; 
lision between molecules is to be taken into 
consideration. For the equation of state this: 
corresponds to the calculation of the secondt 
virial coefficient. If, in general, the interac-: 
tion energy between molecules is given inj 
the form / 


Stas | 
U= ss u(t, J) ’ 
t>j=1 | 


the configurational partition function is given 
by the integral of 


e-PU =] + > (e- But j) _— J)+--- : 


i>jel 


(2.2) 


The first term on the right-hand side of Eq. 
(2.2) gives Eq. (2.1) for the surface free energy. 
For hard sphere molecules under consideration, 
each of the second term is —1 when %j<¢ 
and vanishes when 7i;>0. 

When we integrate Eq. (2.2), especially each 
of the second term, with respect to a mole-; 
cule, we are to subtract that part of the volume 
which is not accessible to that molecule. If 
the area of the vessel is A and if any mole- 
cule can not come closer to the wall than the: 
distance a, the region with volume Aa near? 
the surface and the interaction sphere with) 
volume 4707/3 around any other molecule are 
not accessible. The region common to these } 
is not to be counted twice. For a molecule? 
which is at x from the wall, this part of the 
interaction sphere is 


(2.3)) 


=(V— Aa)" {1 


ee —NET( log V— Soe 


where 
NkT 


r= | a+ 7 (16a— 36)o° a . 


V 


2(V—Aa) 


Or, expanding the logarithm, we obtain the result configurational part of the free 


ie Bees i 
(Gr 4° ee) GaN 


energy Fo } 


DCN, 
a ree 
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[i we define the effective volume Ve as follows 

| AN INT exp (—SF)= V2, , (2.7) 
i : 

4 then it becomes from Eq. (2.4) 


ena 2 az A 
Ver— WV. Aa Mee | (2.8) 


W. A. Steele and G. D. Halsey, Jr.” have calculated the effective volume assuming the at- 
tractive force of Lennard-Jones type, and obtained 


Vics Vec Ao Ag DX {It !@e— D}(S/kTY . (2.9) 


} The third term in the right-hand side of Eq. (2.9) is derived from the attractive forces be- 
| tween the gas molecules and the wall. In the present paper, however, the effect of the at- 
tractive force caused by the square-well potential will be expanded in Appendix III. 

Putting a=o/2, we get the second approximation for the surface free energy: 


_NkTo (, 5a ,N 
| i (14 25 ay (2.10) 
{| The equation of state is, from Eq. (2.5), 
NkT Ze 
-- 1 . . 
p= ie =o a (2.11) 


__ We may interprete Eq. (2.1) the other way: the most convenient way of estimating surface 
' effect is to introduce a very thin wall at the middle of the system and thus divide it into 
i two parts keeping the total volume unaltered. As is shown in Fig. 1, if we want to intro- 
‘duce a wall amidst the vessel, we have to 


' push aside those molecules which lies on that ~ ©} 

z ; ; © © © 
P plane. To do this we first introduce two q@® @ © 

| : 2 : © 

’ hypothetical membranes side by side. These ©7d Ox Oign® 


P membranes are such that through which the 
? center of any molecule can not pass. Intro- 
“duction of these membranes does not affect 
the free energy of the total system. Then 
/ we push one of the membrane to the right 
and the other to the left by the same amount 
0/2 (see Fig. 1). At this stage we can intro- 
' duce, without any work, a wall of infini- 
- tesimal thickness amidst the membranes to divide the system into two parts. Increase in 
the free energy is equal to the work done by moving the membranes. Since the gaseous 
‘pressure exerting on each membrane is, in the first approximation, equal to the pressure 
_ p of the gas, the work per unit area of each membrane is po/2 which is the excess free 
energy given by Eq. (2.1) because p=NkT/V is satisfied in this approximation. 

A similar interpretation for Eq. (2.10) is not difficult. After some calculations given in 
Appendix II, we see that the pressure on the membranes when separated mutually by the 


distance s is 


— {1+ A (302s — s°) 


ai 


Therefore the work done by unit surface of the membranes is 


Dig _ NkTo oN 
7), 2e= 2V (1+ 3 vy): 
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which is identical to the surface free energy given by Eq. (2.10). 
It.is straight-forward to extend the calculation to more general case in which attractive 


force is present (Appendix III). 


§3. Quantum Corrections 


When the gas is very dilute we can treat the molecules as free particles. Then we have | 
exact density matrix 


p(x, x) =D. pax’) exp (—h2k?/8x2mkTer(x) , (3.1) 
k=1 
where 
ox)= 0 2 sin Bear ae (3.2) [ 


and Lz etc. mean the widths of the container. y 
From Eq. (3.1) we get the well-known expression for the density p(x) at distance (-€L aye 
from the surface wall. When o(x) is normalized so that p—1 as x becomes large, we have 5 


7 

o(x)=1—exp (—47x?/A?) , (3:3) f 

with f 
R=h2/2rmkT , (3.4) 


where /; stands for the Planck’s constant, k the Boltzmann constant and JT the temperature. 
The surface free energy in this case has been given by Toda®. The result is 
N A 


ey he (3.5) | 


This formula affords following interpretation. If there is no wall o(x) stays 1 up to x=0. 
Introduction of the wall at *=0 causes a decrease in the density. The amount of this de- _ 
crease can be expressed by the length 3@: 


a=\"exp (aha ee (3.6) 


In other words, the volume accessible to a molecule is diminished by Aé, where A denoted 
the area of the surface as before. The surface free energy is therefore obtained by sub- 
stituting ¢ for o/2 in Eq. (2.1). This gives immediately Eq. (3.5). 

When the diameter of molecules is finite and is 7, we have to substitute o/2+06 for o/2 in 
Eq. (2.1). We obtain thus the first approximation for a very dilute gas at low temperatures: 


aN 
V 


aT (5 ae (3.7) 


We see that 7/7class increases with decreasing temperature. 
The second approximation, which takes molecular collision into account, can be obtained if 
the counter-part of Eq. (2.2) in quantum mechanics is evaluated. This is given as? 


exp (— 8H“) =exp (— BH)“’) 
Te: OAD Bee jDlexp (— BH, j)—exp (—BHG, f))]4+--- , (3.8) 
where H'‘*) denotes the hamiltonian of N particles and Ho) that without interaction. The 


bracket {2,7} means that the i-th and the j-th molecules are excluded. 


The first term on the right-hand side of Eq. (3.8) gives Eq: (3.7). Up to the second term 
we have 


1960) 
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if Arie CUA 
eee = at ce cl aye i 
Mu! iY A( 2 nid )} 
N(N-1 -2 
x {1+ Sar de ae al || dxdxys—1 4 aie (3.9) 
where S is defined by 
Chis X2| exp [—BH® (1, 2)||x1, X2» =I Cor X2) 5 (3.10). 


@The integral appearing in Eq. (3.9) is difficult to evaluate. 
i we neglect the effect of the boundary, however, S is obtained and gives the second 
Virial coefficient, which is given by 


BD) =2nN |" rdr(1—S(r) (3.11) 
where 
S(7) = S(|x1—x2]) 7 (3.12) 


Noting that po =exp (— 8H) satisfies the Bloch equation we can calculate its diagonal element. 
The result is (cf. reference 11) 


aes : 
uh ee a al+n| dk exp (—A°ki[an)uiXk, 1) , (3.13) 
0 
where 
vilk, r = / tr SJa- lho) Jovi p2(Rr) = frecpey(Ro) Ja ps(Rr) . 
2 {Tescja(Ro) + J21-cij2(Ro) 1/2 ’ (3 14) 


in which o means the diameter of a molecule. 
Making use of the definition of Bessel functions we can show, for large value of &r, that 


vii(kr)~ eat oy sin? {k(y—0)V/1 — (I/kr)®}, (<hr) 


OF (l>kr) . (3.15) 


‘For high temperatures we get finally 


Cas | ae ee sin? {h(r—0)/T = Un} exp (—A2h/272) 


7 0. Jo YL = U/kr)? 
Sy ay Ge al sin 2k(r—«) ! 3252/9 
ee Oe ye ees 
=1—exp {—2z(r—o)*/1?} . (3.16) 


~The second virial coefficient can be calculated easily with the use of (3.16), namely 


BT) =o + Fp Notk + Nol? + pgNe (3.17) 


which agrees with calculation by other authors except for the last term. Quantum effect 
appears in our theory, in the deviation of S(r) from unity in the range o<r. The same 
argument used in deriving Eq. (3.6) applies to Eq. (3.16). Thus the effective diameter Ceft 
defined by 
A 1 
COLO Ty aay (3.18) 
must be substituted for the classical diameter o. The meaning of the density matrix in 
quantum theory is illustrated in Appendix IV. 
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A temporal second appoximation for the surface free energy is given, in quantum mechanicst| i 
by replacing o by oeg and a by o/2+4/4 in Eq. (2.6). That is 1 


i fe te och ) F(o+ ramce aa | 


§4. Concluding Remarks | 

When statistical effect is introduced, we have to consider exchange of particles. Exchanging | 
x, and x2 in Eq. (3.13), the same formula is given for even /, and sign changes for odd l,| 
namely 


Sir)=1-exp {—2ntr—o}"f4VZE S | a exp (—22h#/2n)0.%(kr) (3.20) 
0 


in which the upper sign corresponds to Bose-Einstein statistics and the lower to Fermi-Dirac 
statistics. However in the approximation for high temperature, the third term in the right- | 
hand side of Eq. (3.20) nearly vanishes. The Slater sum of pair particles is scarcely influenced | 
by the statistical effect in high temperature region. 

The evaluation of the surface tension of a dilute gas has a certain relation to the calcu- 
lation of the third virial coefficient in the sense that the wall can be introduced by making 
the diameter of the third molecule infinite. Recently A. Pais and G. E. Uhlenbeck’” have in- 
vestigated the third virial coefficient in quantum treatment. However, application of this 
theory to the problem of the surface tension does not seem to be possible. 
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Appendix I. 


There is intimate similarity between the behaviors of a dilute gas and of a dilute solution. 
The pressure p of a gas corresponds to the osmotic pressure z of a solution, and the surface | 
tension 7 of a gas corresponds to the increase in the surface tension of the solution 4y=r—7o, 
in which 7 is the surface tension of the solutions and 7 is that of pure solvent. 

If we assume that the solute molecules are hard spheres which do not make their appear- 
ance the free surface of the solution we can apply the above results to this case and obtain 

fe ee (A.1) : 
2 fhm 
For example, for aqueous solution of saccharose 
with one molal concentration, 47=1.2 dyne/cm 
and x=27atm., thus we obtain from Eq. (A.1) Eg 
o~9A. This value seems reasonable qualita- Cay f 
tively, though the molecule (CizH22O11) is not 
a hard sphere. 


Appendix II. 


The membranes considered in §2 are sepa- 
rated by the distance s in Fig. 2. At any 
instant, there are molecules whose interaction 
spheres cut the membranes. A and B in Mahe 
Fig. 2 are those areas of one of the mem- 
branes cut by the molecules in the right and in the left halves of the vessel respectively. 
Let Si and S, be the total area of these per unit area of the membrane. Then we have 


‘ 
‘ 
' 
' 
j 
t 
' 
1 
| 
l 


D 
! 
! 
‘ 
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+ aes ale deen I 53 
m(o?—x?) dx aceenl ay 


3 


s.=! vi), n(o*—y?) dy = (Fe ae lps (se) 
lo yee ced) age 


| In the calculation of the impact on the membrane due to a molecule the areas Sa and Sz 
ip »covered by other molecules are to be excluded. Since the probability density for a molecule 
is 1//V—4rNo*/3), the pressure on the membrane is 


NRT ,_ NRT (,, = aN 
Vein \ SO by wy 1 es Sale (s<o) (A.3) 


p(s)= 


| p(s) increases with increasing s, and reaches at s=o the actual pressure of the gas given 
iby Eq. (2.11). 


Appendix III. 


M.P. Freeman and G.D. Halsey, Jr.” have investigated the adsorption phenomena of gases. 
| to solids. They assumed the hard sphere repulsion and the cube law attraction between each 
{ molecule and the surface, and only the hard sphere repulsion between the gas molecules. 
} We shall here treat the gas molecules with attraction. Besides the interaction between molu- 
cules u(r), we shall introduce the potential energy between a molecule and the boundary wall 
Uw(x), which is a function of the shortest distance x from the center of a molecule to the 
surface of the wall. Both u(r) and uw(x) may be very large where r and x become smaller 
} compared with molecular dimension, and may have negative values at appropriate values of 
} y and x, and vanish in the limit r-oo and x-co. Tendency of cohesion and adhesion can 
} be expected from the negative values of u(v) and w(x) respectively. It may be allowed to 
“approximate the function u(v) by a square-well potential of the form 


oo for 0<r<o 
u(r) = \—E€ for o<r<go (A.4) 
0 for go<r, 


where o denotes the diameter of a molecule, g is a dimensionless constant. It has been shown 
by T. Kihara™ that Eq. (A.4), with g=2, gives the second virial coefficient in good agreements. 


with experimental results for rare gases. 
For uww(x) we assume the analogous form 


oo for 0<x<a 
Uo x)=4 —A for GEA) (A.5) 
0 for b0<x 


“where a means the collision radius between a molecule and the wall and is nearly equal to 
or slightly larger than the molecular radius o/2. c=b—a means the width of the well. For 
brevity’s sake, we introduce dimensionless quantities 


FeEec?—1 , G=e—-1. (A.6) 
The total potential energy U is written 
N 
Uj x2,+°*, x= Sule xj) +> Uw(Xi) (A.7) 


and the formula exp (—8U) can be expanded when the density of the gas is dilute. After 
some calculations, the free energy F is given by 
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48" N! exp (—BF)=(V—aA+cGA)” 


+AASP. (V-aAteGAy+f(V—aAyS nol —1 4g! DF}+IA! , (AB) 


in which 


+ 
I=FGn( gtote? = Sore +50! os lg Gin( So es <#c) 


+FGr(Sgtotc+gietc?——S oc +50! = aa 


1 rf 
Gr( ; ot : ac) +Fa( — gio! +70!) + sore : (A.9} 


The pressure p becomes 


ere (Gale ea shies roe year Ie 19 A.10) 
ET RTMOV IGE Ve Ove Carine tee \ 
The second term in the right-hand side of Eq. (A. 10) is identical with the second virial co- 
efficient in the limit of infinite volume. 

The surface tension y is derived as follows 


2 
3 


cs Ne cG) — NG | 


3 3 uc i ») 
io no'[—1+(g°—D)F\(a—2eG) +1} , (A.1D} 


~where J was defined in Eq. (A.9). When the hard sphere model is adopted, Eq. (A.11) reduces; 
to Eq. (2.6). 

The surface energy Uu, which is defined as the derivative of the energy with respect of] 
the surface area, becomes 


2 
ui=-Ne 4 rg tonl—ag*—)P’—2—1+(g"— DFG id j (A.12)) 
where prime denotes the derivative with respect to 8, namely 


0 OF 
ta (= *_ —E¢p: (= = de® . 
if ap Ii, de ap and G ap Ae 


Appendix IV. 
The diagonal element of the density matrix can be written, in terms of the path-integral, as} 


Oi, kw; Xi, seem) 


Soul (sesh 


where the paths are such that 


m Ulxw) tau | Gan (A.13)) 


X1(0) =x1(8)=x1, X2(0)=x2(8)=x2,-++, Xw(0)=xw(8)=xr . 
For small 8 (high temperatures) the paths that the effective diameter of molecules in- 


which contribute to the integral are nearly creases with decreas ing temperature. 
straight. In this case, we get the classical 
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Ferrimagnetic reasonance experiment in a single crystal and polycry- 


stalline samples has been carried out by a usual microwave technique. 


ple. 


Yttrium-iron garnet (YIG)”.” and lutethium- 
\iron garnet (LuIG)*) show a very narrow fer- 
\cimagnetic resonance line width, while all the 
other garnets reported so far’ show very 
broad one. Furthermore, both line widths 
and g-factors differ considerably among them. 
\[t is, therefore, obvious that rare earth ions 
in the garnet considerably affect the behavior 
of ferrimagnetic resonance. This is contrast- 
ad to the role of rare earth ions in optical 
loroperties® to which they make little contri- 
dution. Now we are interested in the role of 
rare earth ions in ferrimagnetic resonance in 
care earth-iron garnets. 


It has been found, for the single crystal, that the temperature variations 
1s of the g-factor and the line width are similar to those of erbium-iron 
garnet (ErIG) except for the existence of a broad maximum in line 
width at about 200°K. These behaviors agree well with Kittel’s theory 
proposed recently. At room temperature, ger=1.32, 4H =600 ce (anisotropy 
in line width having been hardly observed) and K,/Ms=—400 ce (which 
is an order of magnitude larger than that of YIG). 
line samples, gefr is essentially the same as for the single crystal sam- 
In the absorption curve, a secondary peak appears, below 200°K, 
in the lower magnetic field side of the main absorption peak. Electro- 
nic state of Eu+ in the garnet crystal is briefly discussed. 


For polycrystal- 


Recently, Kittel et al.©.” proposed a theory 
of ferrimagnetic resonance in rare earth-iron 
garnets. The temperature dependences of 
line widths and g-factors for erbium-iron 
garnet (ErIG) and holumium-iron garnet 
(HoIG)® are explained very well by the theory. 
For samarium-iron garnet (SmIG) and ytter- 
bium-iron garnet (YbIG), however, it appears 
that the theory should be modified to some 


extent.” For gadolinium-iron garnet (GdIG)*’, 
Tsuya-Wangsness’ model®.® is found to 
hold.”.*® For the other grants, there are 


little data. 
We have, here, chosen europium-iron garnet 
(EulG), EusFe;Oi12. One of the reasons for 
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the choice is that no data have been reported 
so far and another reason is as follows: the 
multiplet terms of Eu*+ in free ion state are 
so closely located near the lowest state (the 
ground state has J=0, ‘Fo) that magnetic 
properties of Eu’+ in crystals cannot be ex- 
plained without taking into account the mix- 
ing of excited states having /#0.'" For ex- 
ample, Eu*+ in garnet crystal (EulG) has a 
magnetic moment of about 0.84, per ion,” 
even at 4.2°K. Accordingly it may be expect- 
ed that these special situations for Eu’ af- 
fect the character of ferrimagnetic resonance 
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was equal to 292°C, which agreed with the 
value obtained by Pauthenet.’” The shape : 
of the single crystal- and polycrystalline sam- |} 
ples used for resonance absorption measure- 
ment were sphers of 0.59mm and 0.54 mm in 
diameters, respectively. 
samples, several spheres with different dia- |} 
meters were also measured at room tempera-_ 
ture. Since no difference between them was 
observed for g-factor and line width within” 
the experimental errors, a sphere of 0.54 mm | 
in diameter alone was used for measurement _ 
at various temperatures. 


For polycrystalline |} 


The resonance absorption measurement werd 
made in the temperature range between liquid 
nitrogen and Curie point at 18320 Mc/sec, the 
power of which was obtained by frequency 
doubling of microwave power of 9160 Mc/sec 
from a 2K25 klystron. The experimental pro- 
cedures were a usual microwave technique. 
A frequency-modulation method was used***)_ 
(its modulation amplitude being so as to cover” 
the Q-curve for the cavity), and the static” 
magnetic field was slowly sweeped manually © 
through the resonance field and the absorp- § 
tion curve was recorded automatically on an i 
X-Y recorder. 


in EulG. In this paper, it is shown that the 
behavior of ferrimagnetic resonance in EulG 
can be explained very well by kittel’s theory 
and that the ground state for Eu’+ in EulG 
may be mixed with higher states having /40 
in some way. 


caine aerorsti:: 


§2. Samples and Experimental Procedures 


The single crystal sample was prepared by 
flux method." The starting proportion of the 
oxides, EuxO; (99.9%)*, FezOs and PbO was 
somewhat different from that**) proposed by 
Nielsen'®; a little less in contents of EuzOs 
and PbO than that of Nielsen. It was found 
that our proportion was preferable in order 
to get large single crystals under the condi- 
tions used here. Our treatment was as fol- 
lows: the mixed powder was maintained to 
melt for 5 hours and then cooled very slowly 
down to about 900°C at various rates of 1 to 
5°C/hr according to temperature ranges and 
finally drawn out of the furnance into air. 
The temperature control system) used in the 
heat treatments had a detecting unit which 
was operated by magnetic modulation system 
and could detect the difference between the 
temperature inside the furnance and a refe- 
rence one given by a precision potentiometer. 
The polycrystalline sample was prepared by 
coprecipitation method’); the mixed powder 
obtained was prefired at 1000°C for about 2 
hours and then sintered at 1330°C for 5.3 
hours, both in air. The apparent density of 
the sample was equal to 5.36, corresponding 
to relative density of 90%, and the Curie 


§3. Experimental Results 


Single crystal sample At room temperature, t 
the measurement was made by rotating the 
sample around a <110> direction at every 10 : 
degrees. At other temperatures, it was made | 
for three principal axes; with magnetic fields 
parallel to <100>, <110> and <111> directions. | 
At low temperatures, no absorption could be 
observed for <100> direction, because the re- } 
sonant field required at those temperatures ) 
is beyond the available field (~16000 ce). The 
g-factor and the first order cubic anisotropy” 
field K:/Ms at room temperature was obtain- 
ed from the relation'® for a (110) plane in 
which the saturation magnetization M; lies; 


ot=r*| Ho+(2—sint 6—3 sin? 20) a 
Ms; 


i ow. K 
x 4Ho+2(1—2 sin? @Q——— sin? 26 aan 
8 uM, 


temperature measured by a magnetic balance?® t=Lett e 
“45€ 
: 2mc | 
*) Product of Davison Chem. Co., USA. It con- 
tains Sm,0;+Gd,0; of 0.1% as impurities according ‘ e 4 
to chemical analysis by the company. **) The details of the equipment are described 


**) Y203:Fe,03:PbO=3.5:44:52.5 (mol %). elsewhere”), 
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here Hy stands for the resonant field, @ for 
ithe angle between M, (or Ho) and a <100> 
lirection which lies in the (110) plane. The 
observed resonant fields are plotted as a func- 
ion of 0 in Fig. 1 in which is also shown 
he curve calculated from Eq. (1) with QO 
Band Ki/M;=—410 ce. 


-Q-O-— observed at rq. | 
f=18320Mc 
———- calculated a” | 


(K o3) 


Ms=41009 
Gott = 1.32 


Ho 


(OMEN 2 ON NLAOIEECGO 
Need OF 
(Oo) «lily <t10) 


| Fig. 1. Reasonant fields vs @ in a (110) plane at 
room temperature. 6 is the angle between M,; 
and <100>. 

Dashed curve represents the calculated one by 
Eq: (1). 


f= 18320Mc/sec— 


—— Ho (ce) 


1 Je ! joer | ek | 
100 200 300 400 500 600 
Fig. 2. Temperature variations of resonant fields 

for three principal axes. 


The resonant fields for three principle axes 
<100>, <110> and <111> are plotted as a func- 
tion of temperature in Fig. 2. The g-faotcr 
‘and cubic anisotropy fields Ki/Ns and K:2/Ms 
-are calculated from the relations’: 

w=72(Mi+2Ki/Ms)? , 
ow? =7?(H2>—2K1/Ms)(H2+ K:/Ms+ K2/2Ms) ’ 
o? =7?(Hs—4K1/3Ms—4K2/9Ms)? , 
(2) 
where Hi, Hz and H; refer to resonant fields 


parallel to <100>, <110> and <111), respective- 
ly. In the calculation, the values for M,, Az 
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and Hs were read on the smoothed out curves 
in Fig. 2. The errors of Ki/Ms; and K2/Ms; 
were 100 and several hundreds, oersteds, re- 
spectively. 

K2/Ms vanishes at room temperature, but 
it becomes comparable with Ki/M; at about 
200°K, although it involves rather large un- 
certainty, namely the observed value is com- 
parable with that of experimental error. 
Values of K:/M; at low temperatures are 
tabulated in Table I. 


Table I. 
an { le ] 

T(K°) | Ki/Ms (ce) | Ke/Ms (e) | ger 
230 ee S70 | 0 1.24 
210 | ~1180 | + 300 1.22 
190 | 1670 | + 500 | 1.20 
170 |. =2170 |. +1000 | ~ 1.15 
Sra oa T ry T T T T 2 

5 — sing! crystal S 

Sees 4A4 poly crystal Jeff) 

5-2 Sal 1.6 

lig Ki Gesr(cale.) hus 

x = Goff 1.4 

palailh ihe 

l.2 
OL bal 


grates 500 400500 (°K) 

Fig. 3. Ki/Ms, K, and ger for single crystal 
sample are shown as functions of temperature. 
Dashed curve represents the calculated one by 
Eq. (3). ge for polycrystalline sample is also 
plotted. 


There are temperature dependences of g- 
factor as well as Ki/M;. They are shown in 
Fig. 3. Similar temperature dependences of 
g-factor were also found in other garnets.” 

—K,/Ms seems to increase rapidly with de- 
creasing temperature in the temperature 
range where K2/M; is also appreciable. K:/ 
M; is equal to about —400 ce at room tem- 
perature. Such a value is an order of magni- 
tude larger than that of YIG. K:/Ms reaches. 
about —2000 oe at 180°K. In Fig. 3 is also 
shown the anisotropy constant Ki calculated 
by using Pauthenet’s data’ for saturation 
magnetization. The full line width varies. 
with temperature as shown in Fig. 4. 

Anisotropy in line width was hardly detect- 
ed within the experimental errors (~10%), 
although the line width for <100> (Hao) 
seemed to be the narrowest. A broad maxi- 
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mum occurs near 200°K; such a peak has not 
been observed so far in other garnets except 
for YIG containing terbium (Tb) as an im- 
purity.2” Such a behavior that the line width 
decreases with increasing temperature and 
increases rapidly just below Curie tempera- 
ture, is common to other garnets.?” 


oe Fr; im tT T 


oF T 1 


eg eet 


le 444 4 Hay 
XxX ~ Hinoy 
[ O00 4 H qoo) 
(oa eer ee ee et L ra | 1 
100 200 300 400 500 (°K ) 


Fig. 4. Line width for single crystal vs tempera- 
ture. There is little anisotropy in line width ex- 
cept near 200°K. 


Polycrystalline sample The g-factor and 
line width were measured under the same 
conditions as above. The g-factor of poly- 
crystalline sample has almost the same values 
as that of single crystal above room tempera- 
ture, whereas below room temperature the 
former has values slightly larger than the 
latter and are less temperature-dependent 
(Fig. 3). The line width at room tempera- 
ture is about 1200ce, which is about two 
times larger than that for single crystal. 
Below about 200°K, a secondary peak appears 
on the lower magnetic field side of the main 
peak, and it becomes more intense and shifts 
further away from the main peak as the tem- 
perature decreases.” It is interesting that 
the temperature at which the secondary peak 
appears, coincides with that at which the 
maximum in line width for single crystal 
occurs. The line width involving the secondary 
peak increases rapidly at low temperature 
and reaches 5000 ce at 80°K. 


$4. Discussion 


g-factor Recently Kittel et al®.” proposed 
a theory of ferromagnetic resonance in rare 
earth garnets. The theory assumes that a) 
rare earth garnet can be treated as a ferri- 
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magnetics with two sublattices (one consist-}}; 
ing of Fe*+ on 16-a sites and Fe** on se | 
sites, the other consisting of M’®* on 24-c7fy 
sites); b) rare earth ions (except for ions hav- i| 
ing L=0 or J=0) are highly damped, while} 
ferric ions are not damped except through} 
ferric-rare earth exchange coupling. On these; 
assumptions, the theory predicts that the ef | 
fective g-factor ger of the granet is given; 
by | 
MxM) (3 iE 
MSY) 
where M; denotes saturation magnetization, 
M refers to MIG and Y to YIG. Eq. @ 
holds in the intermediate temperature regior | 
i.e. below Curie point down to such a tem- 
perature that relaxation frequency t~! of rare 
earth ions becomes comparable to ferric-rare 
earth exchange frequency waz. At lower 
temperatures, where t7!}<o.2, 

Set =Ms(M)/{ MY) /¢(Y) + Ms(M**)/g(M3*)} 

(4) 

in which M?* refers to rare earth sublattice. 
Eq. (4) is identical with Tsuya-Wangsness 
formula®’.» for a two-sublattice ferrimagnet. | 

The calculated curve by Eq. (3) is shown | 
in Fig. 3. In the calculation, g(Y) was as- 
sumed to be equal to 2.0 independent of tem- 
perature. For M;(Eu) and ™(Y), the data of 
Pauthenet!” were adopted. If Eu®+ is in a 
state having /=0, as Kittel noted, it could 
not work on the movement of Fe’?+ as a dam- 
per since it does not interact with lattice. In 
such a case, the Kittel’s theory will not ap- 
ply. The calculated ge of EulG is actually 
in good agreement with the observed one. 
This is an indication that Eu’+ does interact — 
with lattice, in other words, that it is in a 
state of which J does not completely vanish. 

The g-factor for the polycrystal is, below 
room temperature, slightly larger and less 
temperature dependent than that for the sin- 
gle crystal. This can be explained according 
to Schlémann®) who calculated ferromagnetic 
resonance condition in polycrystalline ferrites. 
He showed that there exists in a polycrystal- 
line sample having cubic anisotropy, an ad- 
ditive internal field Hi, which is given by 


|| 
e= 
M: 


s 


Sett=2( Y) 


(5) 


where 4v/V is the ratio of the total pore- 
volume to the sample volume. As the re- 


Av 
+ 1.5(47M,;) — 
(4x 7, 


fults, gee for polycrystal can show an ap- 
parent temperature dependence and have a 
arger value than true gef. Since both |Ki| 
‘M; and Ms; are decreasing functions of tem- 
perature et for polycrystalline sample would 
Wlecrease with increasing temperature or would 
uppress tendency of increase. For example, 
wit about 200°K, Hi~10000e. This is about 
0% of the resonant field (~10000 ce) and a 
‘easonable value in order to explain the g- 
fralue for polycrystal which is about 10% 
Jarger than for single crystal. 

Line width The theory of Kittel et al? 
Horedicts that the line width varies schemati- 
fkally with temperature as shown in Fig. 5. 


Line Width -——> 


eee ENE |, 


Fig. 5. Schematic temperature dependence of 
line width by Kittel’s theory. 


For the sincle crystal, the temperature de- 
pendence of line width has just the same 
form as Fig. 5. A secondary peak, which 
appears in the polycrystalline sample at low 
temperatures, may be explained by Schloman’s 
mechanism.) According to it, in polycrystal- 
line samples having cubic anisotropy and Ms; 
<H, (Hi=2|Ki|/Ms), a secondary peak ap- 
pears in the lower magnetic field side of the 
fain resonance peak when k (=H.z/w)>0.5 is 
satisfied. In our case in which the condition 
M;<H: is well satisfied below room tempera- 
ture,!2 since a secondary peak appears at 
about 200°K, & is thought to have reached 
about 0.5 at the temperature. In other words 
|Ki|/Ms is to be equal to ~2500 ce at 200°K. 
But the measured value is only 1500ce. Itis 
possible that this discrepancy is due to the 
fact that K2/M; becomes significant there. 

Anisotropy ‘The first order cubic anisotropy 
constant K;, or anisotropy field A./Ms for 
EulG is about an order of magnitude larger 
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than that for YIG.” If Eu*+ were in a state 
with J=0 in the garnet crystal, the anisotropy 
for EulG would be comparable with that for 
YIG. 

Electronic state for Eu®+ in the garnet 
crystal As described in preceding paragraphs, 
we are led to conclude that Eu*+ in EulG is 
in a state mixed with higher states having 
J#0 in some way, say, with the aid of 
crystal fields and polarization effect pointed 
out by van Vleck and Frank,”*) because of 
the following reasons; a) g-factor for Eu°+ 
does not contribute to the effective g-factor 
for EulG as the result of having been damped 
out of rare earth spins; b) above 200°K, line 
width decreases montonically with increasing 
temperature up to below Curie point (this 
may be interpreted as motional narrowing by 
high relaxation frequency 7c! of rare earth 
spins); c) Eu’+ makes a large contribution to 
anisotropy for EulG; d) Eu’+ has a magnetic 
moment of 0.8 “42 per ion in EulG.}” 

Above conclusion and our experimental 
results are somewhat contradictory with the 
experiment of Dillon et al?” in which there 
has not been observed, below room tempera- 
ture, any maximum in line width for YIG 
single crystal containing Eu-impurity of 1%. 
According to our results and Kittel’s theory 
which predicts linear dependence of line 
width upon impurity concentration, the sample 
of Dillon et al would have a maximum in line 
width of about 7oe near 200°K since the 
temperature, at which a maximum occurs, 
does not depend on resonance frequency. 


§5. Conclusion 

The temperature dependence of ge for 
EulG is in good quantitative agreement with 
the prediction of Kittel’s theory®.” and the 
temperature dependence of line width shows 
a qualitative agreement with it. From this 
fact and others, it is concluded that the state 
for Eu*+ in the garnet crystal is considered 
to be mixed with higher states having /+0. 
The difference between the g-factor of single- 
and polycrystals, and also the occurance of a 
secondary peak in the polycrystal can be ex- 
plained by Schlomann’s mechanism. .*# 
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Note added in proof: 


As for the electronic state of Eu®t, there 
exists a possibility that local uniaxial crystal- 
line fields at each 24-C site cause level mix- 
ing of J=0 state (ground state for free Eu**) 
and /+0 states. 
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ductivity and the crystal structure. 


phonons in these substances. 


1. Introduction 


Phase transitions of crystals are in general 
ecompanied by anomalies in many physical 
roperties. In dielectric substances, anomalies 
re often found in the specific heat, the coef- 
icient of thermal expansion (change of volume), 
e dielectric constant and other quantities, 
‘nd they supply us with a useful clue to dis- 
overing and confirming a new transition, and 
n further investigations of it. On the other 
iand, the main carriers of heat are thought 
0 be the lattice waves in dielectric substances, 
ind so it is expected that the thermal con- 
luctivity of them would show some peculiar 
features when phase changes take place. 
Eucken and Schdder found no appreciable 
shange of thermal conductivity of solid hydro- 
zen bromide on passing through the two 
‘ransitions at 117°K and 113°K, but found a 
steep increase with decreasing temperature 
for the transition at 89°K.” This increase 
xegan somewhat above 89°K and continued 
Jown to 78°K. They attributed the heat con- 
duction to the waves of the torsional motion 
of individual HBr molecules and explained the 
sudden decrease of thermal conductivity as 
due to the onset of random molecular orienta- 
tion. Gerritsen and van der Star found a peak 
of thermal conductivity of solid methane a- 
round the phase transition at 20°K” and ex- 
plained it by a simple formula based on a con- 
sideration of rotations of CH; groups. Accord- 
ing to them, CH, molecules are rotating above 
the transition and their rotational kinetic 
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Apparatuses were constructed and measurements were made on the 
thermal conductivity of insulating crystals over the temperature ranges 
from —200°C to 600°C. For the lower temperature range, the absolute 
measurement was used, while for the higher one, the comparative method 
was adopted. The thermal conductivities of ferroelectric PbTiO; and anti- 
ferroelectric PbZrO; showed a rather large step-wise increase, in contrast 
to the case of BaTiO;, as they passed into the paraelectric state. 
ssions are given of the relation between the magnitude of thermal con- 
It is pointed out that the anharmonic 
potential for the smaller ions should be responsible for the scattering of 


Discu- 


energy is propagated by resonance, resulting 
in a peak of thermal conductivity which cor- 
responds to that of specific heat and is pro- 
portional to the latter. According to v. Sim- 
son, the thermal conductivity of ammonium 
chloride shows a steep increase with decreas- 
ing temperature around the transition at 
—30°C*), but no positive explanation is given. 

Crystallographically, ferroelectrics belong to 
the crystal classes having pyroelectricity but 
are characterized by the fact that their polar 
structures are caused by a slight distorsion 
of nonpolar ones. It is well expected that 
such a distorsion of ion arrangement would 
affect the behaviour of the vibration of ions, 
and hence the mutual couplings of phonons. 
The phase change from polar to non-polar 
states, or vice versa, may, therefore, cause 
some anomaly in the thermal! conductivity. 

It was reported that the thermal conductivity 
of barium titanate ceramic actually shows a 
small anomaly around the transition at 120°C”, 
where the phase change from the ferroelectric 
to paraelectric state takes place. The anoma- 
ly is, however, fairly small and it was diffi- 
cult to make a sufficient discussion. 

We have now measured the thermal con- 
ductivity of lead titanate ceramic with a hope 
that its large tetragonality ratio c/a compared 
with of barium titanate might result in a Jar- 
ger anomaly in the thermal conductivity, 
supplying us with a clearer knowledge on a 
relation between phase transition and thermal 
conductivity. 
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A mersurment has also been made on the 
antiferroelectric lead zirconate for the purpose 
of comparing the effect of antiferroelectric 
lattice deformation on the thermal conductivity 
with that of ferroelectric one. Temperature 
ranges of the measurement have been extend- 
ed to lower side for both barium titanate and 
strontium titanate ceramics. 


§2. Apparatus and Measurement 


Absolute measurement was used for the 
measurement of thermal conductivity at tem- 
peratures lower than room temperature. How- 
ever, heat leak due to radiation, which is al- 
most inevitable in calorimetric measurements, 
rapidly increases with temperature, so that 
we were obliged to give up the plan of measur- 
ing the thermal conductivity of a substance 
from liquid nitrogen temperature up to about 
600°C using the same apparatus. At tem- 
peratures higher than room temperature, we 
therefore decided to resort to the comparative 
method. Details of apparatuses for these two 
methods will be described in the following. 


2.1. Low-Temperature Apparatus 


In Fig. 1 is shown the main part of the ap- 
paratus. A heater H: attached to one end of 
the specimen S with a cross-sectional area 
A supplies heat of constant rate Q. It con- 
sists of a zigzag strip of silver metal formed 
on the basal face of the ceramic specimens 
by air-drying silver paste and has a resistance 
of several ohms. This structure was adopted 
in order to reduce the heat leak from the sur- 
face and to eliminate excess heat capacity 
which would lower the accuracy of measure- 
ment. T: and Tz are Cu-constantan thermo- 
couples with 0.1mm diameter, and were used 
to measure the temperature difference AT be- 
tween the two points separated / longitudinally 
in the specimen. Ts: was used to measure the 
temperature difference between the specimen 
and the radiation shield which was necessary 
to evaluate the side-wise heat leak. 

C is a radiation shield of stainless steel and 
is provided with a copper basal cap D and a 
heater Hz. E serves as a sink of the heat 
flow through the specimen and has a heater 
H;. Using He and Hs, it is in principle pos- 
sible to make measurements at temperatures 
higher than the coolant, but difficulty arises 
in maintaining the whole of the inner part of 
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the apparatus at a temperature higher than. 


the outer vessel for a long time without any? 


appreciable fluctuation, and necessarily lowers: 
the accuracy of measurement, so that our 
measurements were restricted to discrete tem- 
peratures determined by the temperature of 
the coolant, with the exceptions of a few cases. 


and 


a ell LES ete 


PLETE 


Fig. 1. Main part of the low-temperature ap- 
paratus. 


The heat sink is connected to the thermal 


damper F and the latter to the outer vessel. 
All leads of heaters - 
and thermocouples go through the stainless. 
steel pipe B, which is long enough to decrease - 
the consumption of the coolant due to heat— 
conduction, and come out of the vessel through _ 
The degree of vacuum was. 
better than 10-*mm Hg. Under the vacuum | 


A. G is a lead gasket. 


vacuum seals. 


of this degree the heat leak due to convection 
was practically negligible, but when the va- 
cuum was only of the order of 1~0.1 mm Hg. 


{ 


at room temperature the leak was from a few 


to ten percent of Q. 
Liquid nitrogen, dry ice with alcohol or ice 
flakes with or without salt was used as coolant. 
Thermal conductivity of the specimen « is 
obtained by the formula 


ee 


=Q x ae al) 
he validity of this formula rests on the as- 
qjumption that there is no heat leak from the 
furface of the heater by radiation or any other 
Mechanism. If this heat leak is Qus, (1) 
nust be modified to 


c= (Q- - Qioss) ———— 


if 
Anat * ~ 
Qioss due to convection or conduction through 
jheater leads and thermocouples was found to 
be negligible compared to Q, but that due to 
}adiation, which strongly depends on the tem- 
perature and increases as the cube of absolute 
femperature, becomes appreciable at higher 
fj emperatures. At room temperature Qs; due 
bo radiation was about 20% of Q or so, and 
Ive adopted the corrected formula (2) for the 
Hetermination of «. The following two reasons 
feem to secure the plausibility of the correc- 
1i0n ; 
| (i) «’s obtained by correcting for Q.aa’s for 
different Q’s are in good accordance. 
(ii) «’s so corrected agree with those ob- 
tained by the comparative method. 


2.2. High-Temperature Apparatus 


At high temperatures the radiation loss be- 
jcomes exceedingly large, and so the compara- 
itive method had to be adopted. In Fig. 2,A 
yand B are two rods with known thermal con- 
jductivities and S is a disc specimen. In the 
istationary state, the following equation holds 
iprovided that there is no side-wise heat leak: 


CA eis ee aan 


By measuring the temperature gradients in 
1A, S and B one can obtain the thermal con- 
lductivity of the specimen «s. 

| Difficulty in boring holes into the specimen 
‘to insert thermocouples made us adopt a 
method in which the temperature gradient in 
ithe specimen was not directly measured, but 


temperature 


Fig. 2. Principle of the comparative method. 
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calculated from the difference between the 
temperatures at both sides of the specimen 
obtained by extrapolation. Temperature drops 
at the surfaces of specimen in contact with 
the reference substances were eliminated by 
pasting the surfaces of contact with air-drying 
silver paste and by giving a large mechanical 
pressure. 

The main part of the apparatus is shown 
in Fig. 3. The specimen S is placed between 
two rods A and B, both of which are made 
of pure iron. Two pairs of reference rods 
were prepared, the diameters of which were 
2cm (rod 1) and 3cm (rod 2), respectively. 
Thermal conductivity for these reference 
substances were taken from the “ American 
Institute of Physics Hand-book, 2nd ed. (1957)”. 


[ee 


Fe im i 


m 


evade, <— 


Fig. 3. Main part of the high-temperature ap- 
paratus. 


The temperature gradients established in 
the rods A and B, generated by two main 
heaters H: and H:, were measured by eight 
alumel-chromel thermocouples T:i~Ts with 
0.3mm diameter. T> is a subsidiary thermo- 
couple to measure the temperature of side 
heaters which also serve as thermal shields. 
Two subsidiary heaters H: and Hs: serve to 
give a suitable temperature distribution to the 
thermal shields lest the side-wise heat leak 
from the rods and specimen should cause a 
non-linear temperature distribution. S: and Sz 
are copper radiation shields, and D: and Dz 
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are insulating bricks. E is a vacuum vessel 
which was evacuated by a rotary pump. 

An example of the temperature distribution 
along the rods and the specimen is shown in 
Fig. 4. The thermal conductivity of rutile 
was measured as a calibration of the appara- 
tus, and the result is shown in Fig. 5 along 
with that due to Kingery et al*)., the correc- 
tion for the porosity being made for both of 
them. Agreement is quite satisfactory. 


so: 


For the preparation of lead titanate ceramic, 


Preparation of Specimens. 


320 


C 

ey 
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x Specimen 


Fig. 4. An example of the temperature distribu- 
tion along the rods and the specimen (PbTiO; 
ceramic). 


Ikushi YOSHIDA 


(Vol. 15,) 


Thermal conductivity (mW/cm-deg) 
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Fig. 5. Thermal conductivity of rutile. 
circles: our measurement. 
real line: Kingery et al.®) 


powdered raw materials of PbO and TiO: were 
mixed together with water, pressed into 4 
disc and fired in a Siliconit furnace. The pre- 
duct was crashed, well pulverized and mesh- 
ed, then pressed into the desired form and 
sintered. Other specimens were prepared by 
a similar procedure. Sizes and conditions of 
fabrication are listed in Table I. 


§4. Results of Measurements 
4.1. Lead Titanate 


Main efforts were concentrated on the in- 
vestigation of the behaviour of thermal con- 


Table I. Sizes and characteristics of specimens. 
| BaTiO; SrTiO; 
PbTiO, 20, = 
| No.1 | No. 2 No. 1 No. 2 
2r (cm) | 2.235 | 2.22 3195) 1) -2.06 2.80 2.18 
d (cm) | 0.395 0.3274 0.837 0.678 
1 (cm) 1.45 2.47 
0 (g/cm?) 6.86 | 6.05 5.35 5.03. | 4.35 4.01 
P (%) TAGE Meee 10.6 16.0 12.8 19.5 
grade ors | errs ha seaie | as Sans 
pressure 
clone ons 0.53 0.53 2.2 1.3 | 2.2 0.53 
time (hr) | aE | 2 4 G5 Viewed | 8 
temp. (°C) 1250 1200 1370 1300 | 1370 | 1400 


2r : diameter 

d: thickness 

0 : density 
grade : 


pressure : of second forming 
time : of second sintering 
temperature : of second sintering. 


of raw materials; S for “special” and C for “ chemical pure ” 
grade. The left symbol refers to “A” element (Pb, Ba or Sr) 
and the right symbol refers to “B” element CiigoreZn: 
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| ductivity about the phase transition at 490°C, 
| where the ferroelectricity disappears. In Fig. 
6 is shown the temperature dependence of the 
j thermal conductivity of lead titanate. The 
thermal conductivity decreases with increas- 
ing temperature up to about 350°C, then 
begins to increase until a maximum is reach- 
j ed at about 500°C, and then decreases again. 
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Fig. 6. Thermal conductivity of PbTiOs;. 
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Fig. 7. Thermal conductivity of PbZrO3. 


4,2. Lead Zirconate 


In Fig. 7 is shown the temperature depen- 
dence of the thermal conductivity of lead 
zirconate ceramic. The phase transition is 
known to occur at about 230°C, and above 
this temperature the antiferroelectricity dis- 
appears. The change of thermal conductivity 
observed somewhat below this temperature 
may correspond to the transition. 

Reproducibility of measurement was good 
below the transition temperature, but at higher 
temperatures the thermal conductivity was 
somewhat increased with the repetition of 
measurements. It seems possible that some 
changes in the state of aggregation of grains 
took place by repeated heating and cooling 
under a large mechanical pressure. 


4. 3. Barium Titanate 

Temperature dependence of thermal con- 
ductivity of barium titanate ceramic above 
room temperature (specimen No. 1) has already 


been published,*) and that below room tem- 
perature (specimen No. 2) is shown in Fig. 8. 
The temperature coefficient is slightly positive, 
and the magnitude of thermal conductivity at 
room temperature is compatible with that 
given in the previous paper which was 
measured by a different method. 


mW/cm.deg.) 


Thermal conductivity 
( 
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ie) 
b 
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Fig. 8. Thermal conductivity of BaTiO; 
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Fig. 9. Thermal conductivity of SrTiOs;. 


4.4. Strontium Titanate 


Fig. 9 shows the temperature dependence 
of thermal conductivity at low temperatures 
(specimen No. 2), and that at higher tempera- 
tures (specimen No. 1) will be found in the 
previous paper. Thermal conductivity of 
strontium titanate increases fairly steeply with 
decreasing temperature. 


$5. Discussions 
5.1. Magnitude of Thermal Conductivity 


In discussing the absolute value of the 
thermal conductivity of ceramic substances, 
appropriate considerations must be taken of 
the porosity effect. Through pores embedded 
in a continuum heat may be transmitted by 
convection and radiation, when a temperature 
gradient is set up in the medium. An ap- 
parent thermal conductivity of a pore «p may 
be defined so that the pore can be replaced 
by a medium with thermal conductivity equal 
tOmepa. 

Several theoretical formula have been pro- 
posed to express the dependence of the thermal 
conductivity of a porous substance * upon its 
porosity P®”, using thermal conductivities of 
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the dense material «. and of the pore «p. 
When pores are sufficiently small and the 
temperature is not so extremely high, Kp/Ko 
becomes negligibly small and all formulae 
approximately reduce to 


B= (1 Proc (4) 


Table II gives some typical values for the 
perovskite type substances with correction for 
the porosity by using the formula (4). The 
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result on rutile is also given for comparison. 
Corrected values of specimens with different 


porosities agree well with each other for § 


barium titanate and lead titanate, and as has 
already been stated, our corrected value of 
rutile agrees well with that obtained by Kinge- 
ry et al. The specimen of strontium titanate 
used for low temperature measurement had 
a crack perpendicular to the length, which 
might have increased its thermal resistance. 


Thermal 


Table II. Corrected values of thermal conductivities of some ceramics. 


| Corrected for 


Substance conductivity Temperature Porosity porosity Apparatus 
(mW /cm.deg.) E©) (%) | (mW /cm.deg.) 

a os ee 55 10.6 | 33.4 High 
boi | 27.0 27 16.0 32.2 Low 

59.0 60 12.8 67.8 High 
SrTiO; 43.0 64 19.5 53.5 Low 

, | 33°6 110 14.6 39.4 High 
eit) | 31.6 64 15.7 37.6 High 
PbZrO, 193 75 | 25.5 | 17.9 High 
TiO, 57.2 100 | 13.4 | 66.0 High 


Although purely theoretical evaluation of 
the thermal conductivity of insulators seems 
rather difficult and no satisfactory theory has 
yet been proposed, the formula by Dugdale 
and MacDonald® giving the mean free path 
l of phonons 

1=A./38rT (5) 
seems to give a tolerable accordance with ex- 
periments for alkali halide crystals, where Ao, 
8 and 7 mean the nearest neighbour distance, 
linear coefficient of thermal expansion and 
Griineisen constant. y is expressed as 

7=38/Xc , (6) 
where % is the compressibility and c the speci- 
fic heat per unit volume. 

We shall now apply (5) to the case of barium 
titanate as an example. Using B=0.9x10-> 
desi, Av=2x<10-* cm,. %=0.61(% 10-2 cme) 
dyn., and c=0.78 cal/deg. cm?, we have 7 =1.34 
and /=180A (at 300°K). On the other hand, 
the experimental value of / is defined by 


1 


aga vl, (7) 
where v is the mean group velocity of phonons. 
Using «=32.2 mW/cm. deg. (at 300°K) and 
v=3.73 x 10° cm/sec, we have /=7.95 A. This 
is much shorter than the calculated value. 


Some ambiguity is always involved in the 
interpretation of experimental data on the 
specific heat of crystal with a complex lattice, 
when a comparison is to be made with theories 
which are usually based on a simple lattice. 

A unit cell of barium titanate contains one 
molecule, or five ions with fifteen degrees of 
freedom, which can be classified into three 
degrees of freedom associated with lattice 
translations, three associated with torsional 
motions of the unit cell, and nine associated 
with vibrational motions of a TiOs octahedron. 
Each of these vibrational modes will be appro- 
ximated by an Einstein model, and the cha- 
racteristic temperatures of them were deter- 
mined by Last®’, from the infrared absorption, 
as 720°K for three modes and 490°K for other 
six modes respectively. These modes are con- 
sidered to contribute scarecely to the thermal 
conduction because of their low group veloci- 
ties. If these modes of vibrations were omit- 
ted in the discussions of thermal conduction, 
barium titanate crystal can be regarded as a 
diatomic lattice having the CsCl structure and 
may be compared with alkali halides, many 
of which, however, have the NaCl structure. 
The specific heat of barium titanate to be in- 
serted into (6) and (7) is thus estimated as 
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0.3 cal/deg. cm’, which changes y and the 
theoretical and the experimental /’s as follows; 


=) 
deaf 1.0) A, 
l=20.7 A experimental. 


theoretical 


A large discrepancy between theoretical and 


‘{ experimental value is still seen, and it would 


be far more serious at lower temperatures for 
(5) predicts that the theoretical mean free 
path length increases with decreasing tempera- 
ture while the experiment does not show any 
such tendency. Similar discrepancy between 
the theoretical mean free path and that cal- 
culated from the thermal conductivity is also 
found in other crystals measured in our ex- 
periment. A tentative explanation of this 
contradiction, though qualitative, is as follow- 
ing. 

Taking an ionic model of barium titanate 
we may regard its lattice to be composed of 
larger ions Ba~- (r=1.43 A) and O-- (r=1.32 
A), together forming a face-centered, appro- 
ximately cubic lattice, and of smaller ions Ti‘t 
(r=0.64 A) occupying one kind of interstitial 
positions — the body center, but not the edge 
centers. This interstitial position assigned to 
Ti‘+ is spacious enough for the ion to move 
_ about*, and it can really be shifted toa posi- 
tion near one of six neighbouring O--, thus 
causing the ferroelectricity. Ti‘* ion is there- 
fore considered to be bound with a highly an- 
_harmonic restoring force, and according to 
Devonshire and to Slater!” this anharmoni- 
city is the origin of a linear increase of polari- 
zability with decreasing tempearture, which 
causes the 47/3 catastrophe in barium titanate. 
This anharmonicity associated with the relative 
displacement of Ti ions against O ions is now 
not directly connected to the thermal expan- 
_ tion of the whole crystal, for the latter is 
mainly determined by anharmonicities in po- 
tentials between larger ions constituting the 
framework of the crystal. It seems probable 
that the translational waves propagating heat 
may be coupled with the motion of Ti ion, 
and the anharmonic potential energy of the 
= In ‘this estimation Goldschmidt’s ionic radii 
were used. Kittel insists!) that the Ti-O contact 
determines, using Zachariazen’s ionic radii, the lat- 
tice constant as 4.12 A, which is larger than the 
actual value 4.004 A, suggesting a mixture of cova- 
lency into the bonding. 


Thermal Conduction in Ferroelectric Ceramics 


2217, 


latter comes into the Hamiltonian describing 
the system of phonons as a perturbation, re- 
sulting in an increase of collision probability 
of phonons and therefore of thermal resistivity. 
A similar argument will be made also for other 
crystals. 

It is noteworthy and moreover suggestive 
that the thermal conductivities of barium tita- 
nate, lead titanate and strontium titanate in- 
crease in this order, while the infrared absorp- 
tion frequencies change also in the same 
order”, (545cm—, 590cm™ and 610cm~), 
which are thought to show the character of 
the potentials for the Ti ion in these sub- 
stances. 


5. 2. Temperature Dependence of Thermal 


Conductivity 


According to Peierls'®) the thermal conducti- 
vities of simple crystals decrease nearly pro- 
portionally to 1/T with increasing temperature 
at higher temperatures (T = @p), and this 
temperature dependence was experimentally 
confirmed’. The thermal conductivity of 
glassy substance, on the other hand, generally 
increases with increasing temperature and is 
said to be proportional to the specific heat'). 
There are many substances of which the ther- 
mal conductivity has the temperature depen- 
dence between 1/T and that of specific heat. 
In this connection the ratio of the thermal 
conductivity at 83°K to that at 273°K, obtain- 
ed by Eucken and Kuhn for many substances’® , 
is interesting. A few of the values of this 
ratio are cited in Table III, together with those 
of barium titanate and strontium titanate 
ceramics. 

An examination of the Table III shows a 
general tendency that the complexity of struc- 
ture lowers the ratio and the aggregation of 
crystallites still more. Though the scantiness 
of measurements does not permit us to say 
much about the temperature dependence of 
thermal conductivity of strontium titanate, the 
fact that there exists no phase transition would 
secure a discussion of general tendency. The 
ratio 1.80 is considerably smaller than 3.29, 
the inverse ratio of 83°K, to 273°K, and this 
would suggest that a considerable portion of 
thermal resistance has come from other sources 
than the U-process of three phonons, i. e., 
couplings of translational waves with vibra- 
tions of Ti ions or many other modes of vib- 
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rations, grain boundary scattering of phonons, 
UG. 

Some complication may be involved in the 
case of barium titanate because of the exis- 
tence of three phase transitions at 120°C, 5°C 
and —90°C, respectively, but the deviation 
from 1/T law has probably, or even more 
certainly, the same reason as in strontium 
titanate. 

The thermal resistivity of lead titanate cera- 
mic versus temperature is shown in Fig. 10, 
and the following empirical formula was found 
to hold in a rather wide temperature range. 


1/e=14.0+0.042 T (cm.deg./W), (8) 


or «=23.9/(T +334) (W/cm.deg.). C9%) 
Table III. Ratios of low- to high-temperature 
thermal conductivity 
os : Substance 7 re . Ken/Koe 
marble erik 
calcite (crystal, |) 4.09 
sylvine 2.09 
KCI (crystal) 4,27 
NaCl (crystal) Sin(ts 
KNO; (crystal aggregation) 0.89 
K;Cr2O, (crystal, 1) 0.851 
K;Cr2,0; (crystal, //) 0.922 
BaTiO; (ceramic) 0.80 
SrTiO; (ceramic) 1.80 
s “il 
>S60 
=e 
E> UE —_— 
Eel20p eee 
0) t i ie 
O 200 400 600 800 
Temperature (°K) 
Fig. 10. Thermal resistivity of PbTiO;. 
9. 3. Thermal Conductivity Anomalies 


The anomaly of thermal conductivity ob- 
served in barium titanate at about 120°C is 
small and it seems difficult to decide whether 
this anomaly is truly of the peak type, aS was 
found in solid methane by Gerritsen and van 
der Star, or of the step type, as in lead tita- 
nate and lead zirconate. 

Anyhow, the simple explanation that the 
anomaly in the thermal conductivity would be 
merely a direct reflection of that in the speci- 
fic heat, supposing that v and / in the expres- 
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sion (7) do not appreciably change with temper- 
ature, seems incorrect, for the anomalous 


specific heat does not come from the vibra- | 


tional energy of propagating waves but from 
the potential energy of Ti ions, which, in the 
first approximation, are considered to be oscil- 
lating independently. There seem to be two 
competing factors; the increase of symmetry 
which would operate to increase the thermal 
conductivity, and the augmentation in ampli- 
tude of Ti ions, detected by Kanzig!®, in go- 
ing into the paraelectric state which may 
operate to lower the thermal conductivity. 
The increase of thermal conductivity is far 


more clearly manifested in lead titanate and © 


lead zirconate. The additional part of the 


thermal conductivity of lead titanate, obtained ; 
by subtracting the “normal” part of thermal 

conductivity (experimental formula (9) ) from — 
It is# 
reasonable to attribute the increase of thermal — 
conductivity to the increase of symmetry, due — 


the observed one, is shown in Fig. 11. 


to the restoring back of Pb and Ti ions to 
their positions of symmetry from the much 
shifted positions in the ferroelectric state. It 
is interesting to compare the behaviours of 
ion-shifting in barium titanate and lead tita- 
nate in this connection. In the former, Ti 


ion is responsible for the main part of the | 


crystal deformation and the relative shift of 
Ba ion against O ion is considered small, while 
in lead titanate, the shift of Pb ion is larger 
than that of Ti ion and so the face-centered 
cubic lattice composed of Pb and O is much 
deformed. This latter affair seems to explain 
why the thermal conductivity of the cubic 
structure is much larger than that of the te- 
tragonal structure in lead titanate. 


£o 
2D 
ee 
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oie 
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Temperature (°C) 
Fig. 11. Additional thermal conductivity of 
PbTiO3. 


The situation would be nearly the same for 
lead zirconate, and no essential difference be- 
tween the ferroelectric and antiferroelectric 
substances was observed in this point. 


| 
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§6. Summary 


Two apparatuses for the measurement of 
thermal conductivity were described. 

The thermal conductivities of barium tita- 
‘nate, strontium titanate, lead titanate and lead 
zirconate were measured on ceramic specimens, 
and suitably corrected for the porosity. The 
low value of thermal conductivity of barium 
titanate cannot be explained by the applica- 
tion of the formula due to Dugdale and Mac- 
Donald, and similar discrepancies between the 
experiment and the theory were observed for 
the other substances. A possibility was point- 
‘ed out that Ti ions loosely bound in the O 
octahedron scatter the phonon waves and lower 
the thermal conductivity. 

The temperature dependences of thermal 
conductivities of them were far from the 1/T 
‘law, and the grain boundary resistance and 
couplings of translational waves with vibra- 
tions of Ti ions were proposed as possible 
causes of the discrepancy. The thermal resis- 
tance of the well sintered lead titanate speci- 
men was analyzed as the sum of the two 
components, one being proportional to the ab- 
solute temperature and the other one constant. 

Little was discussed on the small anomaly 
-of thermal conductivity of barium titanate, 
but the large step-wise increase of thermal 
conductivity of lead titanate was considered 
to have originated from the increase of sym- 
metry, i. e., from the restoring-back of the 
‘shifted ions Ti and Pb to the positions of 
symmetry. The general affair was considered 
not much different in anti-ferroelectric lead 
zirconate. 
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The paramagnetic susceptibilily of an electron gas is calculated by 
making use of the Bohm-Pines description of electron interactions. The 
contribution from the long-range correlation to the susceptibility calcu- 
lated by Pines is modified by using the larger cutoff wave vector of 
plasma oscillations and including the new contribution from the zero- 
point energy of plasma oscillations. The contribution from the second- 
order perturbation-theoretic calculation of the screened Coulomb interac- 
tions is obtained by a proper approximation. The contribution from the 
third-order perturbation-theoretic calculation of the interactions is ob- 
tained by a rather crude approximation. The comparisons of paramag- 
netic susceptibility with experimental values for alkali metals are made 
and the agreements for Li and Na are satisfactory. The volume depend- 
ences of paramagnetic susceptibility for alkali metals are examined by 
comparing the experimental results on the pressure dependence of the 


Knight shift with the Brooks calculations of the Fermi interaction. 


$1. Introduction 

The paramagnetic susceptibility of conduc- 
tion electrons was first calculated by Pauli”. 
Sampson and Seitz? took into account the 
effect of the exchange interaction between 
electrons and the correlation in the calcula- 
tion of paramagnetic susceptibility of conduc- 
tion electrons. Pines?:*) calculated the para- 
magnetic susceptibility of conduction electrons 
using the Bohm-Pines collective description of 
electron interactions», and obtained satis- 
factory agreements with the experimental 
values for alkali metals. In this paper, how- 
ever, we shall extend Pines’ calculation by 
making use of the better approximation. 

In the first place, as seen from the calcula- 
tion of susceptibility for an electron gas at 
high density by Brueckner ‘and Sawada®, the 
contribution from the short-range correlation 
to the susceptibility obtained by Pines®) is 
smaller than the value at high density limit 
and must be corrected. 

In the second place, we must use a larger 
maximum wave vector k. of plasma oscilla- 
tions than that used by Pines. Ferrell’) and 
Sawada et al.® obtained the relation, 


B=kelko=0.4775¥/? , (1.1) 


in the case of the non-magnetic state, where 
ko is the wave vector at the Fermi surface 
and 7s is the radius, measured in atomic units, 


of a sphere having the same volume with the 
volume per electron. We use this relation in 
determining the screening of the Coulomb 
interaction. 

In the paramagnetic state of an electron 
gas, 8 would be dependent on its magnetiza- 
tion. Since, however, the total energy of an 
electron gas in the non-magnetic state should 
be independent of 8, we may also use in the 
paramagnetic state the constant 8 given by 
(1.1) as long as the magnetization is very 
small. 

In the third place, the dispersion relation 
of plasma oscillations depends on the distri- 
bution of electrons, that is, their magnetiza- 
tion. Then we must take into account the 
change of the zero-point energy of plasma 
oscillations due to the magnetization and the 
contribution to paramagnetic susceptibility. 

In the fourth place, as seen from the Pines 
calculation’ the effect of the short-range 
correlation energy, that is, the second-order 
perturbation energy of the screened Coulomb 
interaction, on the susceptibility is considerable 
in comparison with the effect of the exchange 
interaction. Accordingly it will be expected 
that the contribution from the third-order 
perturbation calculation of the screened 
Coulomb interaction may also be considerable. 

The energy of the first-order perturbation 
calculation of the screened Coulomb interac- 
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(tion, that is, the exchange energy, decreases 
jif the number of parallel spins of electrons 
fincreases. On the contrary the energy of the 
second-order perturbation calculation increases 
jaS a correction to the first-order energy if 
gthe number of parallel spins increases. Then 
ithe energy of the third-order perturbation 
Icalculation is expected to behave like the 
jenergy of the first-order perturbation calcula- 
ition. 

Taking into consideration the four points 
gmentioned above, we shall calculate the para- 
imagnetic susceptibility of an electron gas by 
emeans of the B-P collective description of 
interaction. The results on the first and third 
ipoints have been already reported”. 

At 0°K we consider an aggregate of WN elec- 
¢trons embedded in a background of a uniform 
jpositive charge, whose density is equal to 
ithat of the electrons. We assume that the 
(spin directions of N: electrons are left-hand 
((positive) and that of N-_ electrons are right- 
hand (negative). The state of electrons is 
specified by wave vectors. The maximum 
fwave vector occupied by electrons of positive 
and negative spin directions are k. and k_ 
respectively. Then we have 


Oem re NG, (V/6n)RO=N_ . 1.2) 


Let the difference between N+ and N_ be u, 
and we define & as follows: 


Nie NG NH Net N= N+. (1.3) 


_ When & <l, the total kinetic energy of an 
telectron gas and its total exchange energy of 
the ordinary long-range Coulomb interactions 
jare expanded by &, a well-known fact, as 
ifollows: 
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m* is an effective mass of electrons and we 
assume that the effective mass reduces only 
the thermal kinetic energy as Pines pointed 
out’. Energies are measured by Rydberg 
unit per electron. 

In §2, the contribution of the long-range 
cerrelation is calculated. The second-order 
perturbation calculation of the screened 
Coulomb interaction is worked out in §3. In 
§4 the third-order perturbation calculation is 
worked out. 

In §5 we obtain the values of paramagnetic 
susceptibility for alkali metals and compare 
them with the experimental results. 

In §6 the volume dependences of suscep- 
tibility are compared with the experimental 
results of the pressure dependence of the 
Knight shifts by making use of the Brooks 
calculation on the effective masses and the 
hyperfine interactions for alkali metals. 


§2. Contribution from the Long-Range Cor- 
relation 


When +0, the following four terms of 
the long-range correlation energies which de- 
pend on # are considered. 

The first term is the zero-point energy of 
plasma oscillations, and has been given in 
(1) as follows: 


AE ee ee ee — 0089S (2.1) 
The second term is the correction of (1.6) 
when the Coulomb interaction is screened by 


plasma oscillations and has been calculated 
by Pines*. This is (see (3.16) in ()) 


Y OE oe OE) Bll ae (2.2) 


The third term is the exchange energy of 
the weak velocity dependent interactions which 


le t 
2 uK<kh,, R7<K 


Evr=Eytrr& , Eex.=Ecx.t7ex.€’. (1.4) are deduced from the second-order perturba- 
tively, where tion calculation of the electron-plasma interac- 
_ ah tion. The exchange integral of this interac- 

Te =1.2287s*(m/m*) , (1.5) tion between electrons with wave vectors k 
Yex.=—0.2036/rs . (1.6) and k’ is approximately given by 
Jipe= —Ee™ Cae) eae, ph ME ket’ | he: | | 
tie Vint {a8 2h’) kB’? (2.3) 
Bos if |k—k’|>k. | 
@here is the plasma angular frequency. 
When n=0, the total exchange energy of Jj? in (2-3) as 
1 fs } rT.) . (2 4} 
jE CD) Ve ae = ab) Sh by cance POR bc 2. 


D Reka We 
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This is approximately calculated as follows: 


a WV (2p cay sypat ty 998 piuh pape 
call eige rar Rea e i mes : 
I 3 chy ee pl R.2+k_2)k® | (2.5) 
so | +k_*)Re AA +k) ? 


by taking into account the results when n=0, that is, 


Cn Vko® (26° 0.98 Bt , B® Be ) 
Pla TD e— Ps + aS k 
Diss oh ee hic On tmPang? ( 45 0.51716 30 144 


where w,?=(4ze2N/mV). The terms proportional to ke* or B* in (2.5) and (2.6) are corrected” 
by the factor (0.98/0.517) which is expected from the higher-order perturbation a 
If <1, (2.5) is expanded from (1.1), (1.2) and (1.3) as follows**: ‘ 
om 


Er?.(n)/N=E"?-[N+7r.0& 5 ' 
Trp. =—0.01065+0.0212475-1/2 +0.000068937s . 
The fourth term is the energy of the reaction to the self-energy of electrons coming fro 
the interaction between electrons and plasma oscillations. This is given by the followin, 
expression. 4 


fl 

a 

Ex) =e alee Bt )=E' +re& \ 
i 6N 2m \k<t,  <b_ ’ (2.8) 
rr=—0.0212Ar,-¥? , | 


where £7 is the energy of the reaction when n=0. . 
The part of the long-range correlation energy which depends on m is given, from (2.1) 
(2.2), (2.7) and (2.8), by 


Al =e ) 
Tir. =retrex. tr.v. +7rr=0.009580+ 0.000068937s . 


} 
(2.9) 


471.r, corresponds to ai,r, given by Pines‘, but there is a considerable difference between 
them. The difference may be attributable to the different approximations which are made 
use of in the calculation of energy of the electron gas as an expansion of 7s. 


§3. Effect of the Short-Range Correlation 


The short-range correlation energy is obtained from the second-order perturbation calcula~ 
tion of the screened Coulomb interaction. This energy when n+0 is given by” 


Bron MEY TEP FES TEST +E), 


ig are i] i \ 
xy moe > a ? ri 
h V kk, Pp p'p-(pt+kitke) (3.5 

: Arce” \? i | 
Bip aM (See) | 
a he V REN ee Ree i | 


where the regions of the sums are given by ki<kz, |kitp|>kRze, ko<ky, |ke+p|>ky, p> Rex 
and £2", is subject to an additional restriction, |p+kitk:|>ke. E*:": is the correlation: 


+= 
energy between electrons with antiparallel spins. 3(E SU +E §".,) are the correlation energies 


Oxy ate se 


* In (2.5) and (2.6) the ordinary unit of energy is used. 


** In the previous paper, (I), the formula for 7,. y.» (4.20), was misprinted. 7,» in (2.7) is the correc 7 
result. Moreover, the coefficient of 7s in (5.7) of (I), 0.2272, should be replaced by 0.2744. 
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yetween electrons with parallel spins. 


For the calculation of E%;%; we make use of the results calculated by Pines? and Fletcher 


and Larson’? when 7=0. For the calculation of E ex.++ We make use of the results obtained 


oy Gell-Mann and Brueckner') and Noziéres and Pines”. 
M When z=0 and B<2#.11), 


s.r. SS Wsoie nes Arce? \2 1 
E-O)=E%-".(0)=E*-(0)=— ( ) Pate ates 
t+ h? V eat, oy, = Pip: (ptkit ke) 


[ki +P|>ky, |k,+P|>k), 


Bis e Vk? Sa ; ie 8 B Bt 
eee | euch In 2+2(1n 2)?+ 2(1—In 2)In ae 960 : (3.2) 
im=0, E*2-,,+H%:"-__ becomes!?.!” 
BE eet 57 ea 270) 
_ mM Ge ] > > il 
Z 2 2n. l- 
Cee ee ee 
e? Vike 
= 04 , gat Oy : 
eae (0.046—0.0156?-+0.002) (3.3) 
In 2+0, E*;7; and E*:": are written from (3.2) as 
eo VRS | 1 ic: Ax? apis 
8.7 — - ——— — In 24-2(n 2)? _ — +5 A) 
ee is Gis da Tuas ae ane ae aaa (3.4) 
where 61=h./ki. Similarly £3." ,,+£%7:__, when 240, is written from (3.3) as 
SES, 43ES = = = {k.3(0.046—0.015842) + k-*(0.046—0.0158-2)} . (3.5) 
; 5, ao OT 


E’;":, when +0, is analytically calculated by replacing the sums in (2.1) by integrations, 
- and is written as a function of k:, k- and ke in the case of ki >k- and 2k_>k. as follows: 


Est: =—(¢/2a0)( Vise") (13/40 (In 2)?-+(In 2)(In Re)}(ka? +h*) 


+ (A/15-+1n 2—In Re)hese_(ey-+h-) + heX( bs + -)/120—(k-* In 2+ 43/32) ee 
_(h,8 In 2+ -9/3—h-2hs)In b+ (1/24)(— Ths? + 15k sth + 15k, k2— Th) +h) 
+ (5/8) hu? —hath-— hak 2+ b\In(be—h-)-+{he?/120— hel l?+22/4 
4. 3(hey2 —h-2)2/Sho-+ (les —5huth-?—Bkes2h_*+ b-2)/20h6? Hn (hes + h-—he) (hs + b+ he) 
_(1/12)(fes? —Ghs2h-—6hik_2+ b )in(1— hotles + h-)-2}-+{ (het /384) — (Bkes*he/16) 
+ (Bke4/Bho) Hn (2h- + he)|(2k-— he)}—(b-8/6)ln{1 — (Ret/4h-*)} 

iL POHD ptkitk- 1 Pe i A . dp in p+ki—k- 
peony Gens ay Meee aoe NG at Syme Bp peat ee 
2 
2 


2k 
<< (hb th) | it eb In( pt ky th) + (heh) | a ie eas 


oie 


i Aer dp 3 ri hs \e dp In(4k_2—p*) 
ae; ke hee i In(p?+4k- ag bs nae: n( p 
2 1 2k_ , f ‘ 
—— (he +h!) Noses alee alasen hi' \. = In(4k.2—p )| (3.6) 


If n=0, that is, k:=k-=ho, this formula completely coincides with the formula for E*”.(Oy 


obtained by Fletcher and Larson'”. . 
In the case where £=n/N <1, using (1.2) and (1.3) we obtain from (3.2) and (3.6) 
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(3.7) 18) 


Eee Ore ase, 
Pecos il Mca ex es ) 
riz=a(f-G ne-4 ™8~ 799 ‘s640 ) ’ 


and from (3.2), (3.3), (3.4) and (3.5) we obtain 


Agim tpi 5 ge +E 8: oe HOE Os te ee z 
2 - 2 (3.8) 


Be os 


++ sh gal ie 1 p 
ig aie = x2 | La In 2)-+ + 9 


a 4320 


Then, the total short-range correlation energy, F;". (m) in (3.1), is expanded in powers of Y | 
— as follows: ? 


Exy, ()=2EO+EL 0) +1, £ | 
Wy To ae B? Bt 0.0156? Sc 9») | 
Tg ee Pieper leo za 6 45 9 In 2 3 eee 130 Aer 9 ? 
From (1.1), 7s.-. is rewritten as | 
s.r, =0.05799—0.01689 In 7; ++0.00049257s +-0.000000572275? . (3.10) : f 


The coefficient of In7vs in 7s.,. is —(1/6z®?) and coincides with the result for the electron gas 
at high density obtained by Brueckner and Sawada, and the constant term in ys. is nearly ~ 
equal to their result®. 


§4. Third-Order Perturbation Calculation of the Screened Coulomb Interaction 


In an unperturbed ground state, electrons are assumed to compactly occupy up to the 
levels with k: and k~ for positive and negative spins respectively. We consider only the 
excited states in which two electrons are excited over the Fermi surface by the screened 
Coulomb interaction. Using the vector model we calculate the third-order perturbation energy 
of the screened Coulomb interaction. The details of the calculation are given in Appendix I. 
The results are as follows: 


EE’) =F, 84 F,@) + F,(8) ; (4.1) 
1 / Ace? \3 m? ik 

Eye =3( ) SS Ss SS | 
24 N* key, 5, P, = Ppp: (pt+kitk;)p’-(p’+kitk;) 
«(pw (pp thet ky)*Po |, (4.2) 


1 / 4zce? \? m? 1 
B= 4 ( FEE Ab 
AAS By SN 5% te D:(pt+kit+k;p-(pt+kitk;) 


ead) 
ee a Pre eee ” Pa Par 
BY PMptkitky pptkith? pki—k)? p(ki—kd(p+ki+ks? 
Pig? Pix? ; Be Bye 


T 


Dki—ki)*(p+kjt+k)? p2(p+ki +hs)*(p+kjt+ki? 


Pin } 
(ki— ki) p+kitks*(p+kj+ky?) | 


+[Here insert the above term with 7 and j interchange] | (4.3) 
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A ad ep =| 1 Pa" ( 1 1 ) 
ZN VL HM ke ky ith, PL Dp (ptkitk) Yl pp? \ptkitkh)?  (ki—kd? 


en a 
FaM 


pe f 1 ) Pig Pi? ( 1 1 ) 
BD \(p+ks thy) (ky ki?) (p+ kth) \(p thi the (ky— he)! 


IEEE Bae 1 1 
| (p+kit ks? oe ae (4.4) 


Pi;° is an operator which exchanges the spin coordinates of i and j electrons and so on. 
We have Pij7=4(1+4S:-S;), where S; and S; are spin operators of i and j electrons respec: 
tively. If z and j spins are parallel Pi;7=1, and if they are antiparallel P;j7=0. In (4.2), 
4.3) and (4.4) the summations over ki, kj, ki, p and p’ are taken such that the absolute 
values of the vectors underlined are larger than ke, |k|<k» and |k+p|>k. or |k+p’|>k+ 
when the state with the wave vector k is a positive spin state, and |k|<k- and |k+p|>k- 
or |k+p’|>k- when the state with the wave vector k is a negative spin state. 

As shown in (A15) of Appendix I, each term in E:, (4.2), is derived from the processes 
in which two electrons jump out of the Fermi surface because of the screened Coulomb 
interaction between them and again jump into other states and finally they go back to the 
original states. Each term in £2"), (4.3), as shown in (A16) of Appendix I, is derived from 
the processes, in which two electrons jump out of the Fermi surface, and then, one of these 
electrons goes back to one of the original states occupied by them before and another new 
electron jump out of the Fermi surface simultaneously, and finally two electrons above the 
‘Fermi surface go back under the Fermi surface. As shown in (A17) of Appendix I, each 
term in E3°), (4.4), corresponds to the processes, in which two electrons jump out of the 
Fermi surface, and then, one of these electrons and another electron are exchanged because 
of the exchange interaction between them and finally two electrons go back as before. 

In the case of the high-density limit of the electron gas, only the term being proportional 
to p-® in (4.3) is taken into account. 

We can write FE, , E.®, FE; for the electron configuration, in which electrons with posi- 
tive and negative spins occupy compactly up to the states with the wave vectors k; and k- 
respectively, in the following way. Hereafter we replace the sums by integrations and wave 
vectors are measured in units of fo. We use a=(4/9z)'/* and the Rydberg units per electron 
as the unit of energy. 

When the spins of electrons with ki and k; are positive and negative respectively, Li, 
(4.2), becomes 


1 


= _ 3ars 3 3 Sea 2 Ans 
E,®(+—)= as [arn (a ke \< p\d 72) Pb p—p')’p- (p+ kit ke)p’ -(p! +k + ke) ? (4.5) 


‘where the regions of integrations are given by p>, p’>8, |p—pP'|>8, 0<ki<nz, |kitp|>n+, 
Nkitp’|>n, 0<ka<n_, |ke+tp|>n- and |ke+p’|>n-. n+ and n- are k;/ko and k_/ko rvespec- 
tively. . : 

When both spins of electrons with ki and k; are positive or negative, we have from (4.2) 


1 
p*p?p:-(p+kitk:)p -(p! +kit+ kz) 


Etec) = 30" | ah [avks \ap | ae 


x{(p—p’)?— (pap thitke)*} . (4.6) 


The regions of these integrations are given by the ones in which m+ is replaced by mx in 


the regions for E:®(+ —), (4.5). . | 
Similarly, E2, (4.3), and Es®, (4.4), when the spins of electrons with ki, k; and k. are 


determined as positive or negative, are given as follows: 


; 
2226 Masao SHIMIZU (Vol. 15, 


Pas 3ars 3 3 : | 
F(T) = a9 \ara \are \¢ ja P’p- (p+ kit ke)p-(p+ke + ks) 
x{p?—p "(p+ kitka)*} ‘— 


where the regions of integrations are p>, 0<ki<nz, |kitp|>msz, 0<k:<nz, |ke+pl >, 
0<ks<mnz, and |ks+p| >=; 


3ars L | | 
Wiese 3 3 3 3 
Ee (EEF)= Et \a ki {a ks \a “e [a # p:(p+kitke)p:(p+ke+ks) 

x {2p-°—p-"(p+ ket ks)? —p-*(ka— kes)? — (ea = hes)" + es + eo)?" tks + es) *} (4.8) 


where the regions of integrations are p>8, 0<ki<mz, |kitp|>nsz, 0<k2<nz; |ko+p|>n= 
0<ks<nz, and |ks+p|>ns; | 


| 
3ars 1 i 
O1}Gs 52) = d°ky \d*ki \d*ks \d° 
a aa el ‘| ‘| | Pp (ptkitka)p-(p+ke+ ke) 
x {2p-°— p-*(ki— kes)-? — p-“*(p + ka + ks)? — (ks — ke) 2p tk tka) *(p thetks)*} , (4.9) fF 
where the regions of integrations are p>8, 0<ki<msz, |kitp|>ns, 0<ke<nz, lke +p| >a 
0<ks<mns, and |ks+p| >; 7 
sar il | 
E,°(4+-+-)=—— | d*k1 \d*kz \d2ks \d° 
ah eee al ‘| | | PP (p+ hit ka)p-(p+ ket ks) 


x{p*—p""(ptkitk:)"*—p (pthetks) °—p his ks)* 
+ p-?(ki—ks)-2( p+ hitke)?+p-*(ki— ks)? pp thot ks)? 

+p-?(p +k +Kk2)-2(p +ke +k3)-?— (ki— ks)-2(p +k +ke)-*(pt+ke + ks)-?} A (4.10) 
| 


where the regions of integrations are p>B, 0<ki<nz, |kitp|>nz, 0<ke<ms, |ket+p|>ns, 
0<ks<nz, and |k;+p|>ns; and | 


3ars i) 
BoC y= d®kx \d°k2 \d®ks \d? 
3°) ( ) val uf | | P pp (p+kitk)} 
XP ki Eke) es — hs) pp ka es) ek) 
+(ptkhitk:)-{(pt+kitks)-?+(ptke+ks)-?—(ki—ks)-?—(ke—ks)-*}] , (4.11) 
BO) =0 , (4.12) 
me SOU: 1 
E.°(E5 =H \ak \ark \avk \@ 
6477 ; } ? pp (p+kitk)? 
x {(ke— ks)? — (p+ kot ks)2} , (4.13) 
Bio ee = \aeh \ark: \avk: \a 2 
64 Pip (p+ ki tka) 
x {(ki— hes)? (p+ ki + hes)? (4.14) 


where the regions of integrations are the same with the ones in the respective cases Of the 
spin configurations for FE. given above. 

As the necessary integrations in (4.5)-(4.14) have not been carried out analytically, we ob- 
tain the coefficients of €* approximately in the form of the expansions of the order of Ee 
using four approximations which are expected to hold when 8 is nearly equal to 1 or rs~4.5, 
= shown in Appendix II. The result is given by (A34) and shown in Fig. 1 by a dotted 
ine. 


As shown in Appendix III, from the calculation of E® in the case of the high-density 


mine £ approximately as follows (see Ap- 
pendix III): 


EO Fo +472, & A 
| 2. =— 0.0658 exp (—0.27875) , (4.15) 
and this is shown in Fig. 1. 


§5. Comparisons with Paramagnetic Sus- 
ceptibilities of Alkali Metals 


The total energy of the completely degener- 
ate electron gas in the external magnetic field 
His given by the sum of the Fermi energy, ex- 
change energy, long-range correlation energy, 
short-range correlation energy, third-order 
perturbation-theoretic energy of the screened 
‘Coulomb interaction and the Zeeman energy 
‘as follows: 


FE total = Ho + &*7—p2(nm/N)H/(e?/2a0) , (5.1) 
‘where £o is the total energy of the electron 
gas when €=0 and H=0, and from (1.5), 
(1.6), (2.9), (8.10) and (4.15) y becomes 


4=fetre. ttt. tre tre, 3 (22) 

By looking for ~ so as to minimize the 

total energy (E total), we can obtain the para- 

‘magnetic susceptibility in c.g.s. unit as fol- 
lows: 
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limit of the electron gas, we obtain (A39). Then, from the above two calculations we deter- 


0.02 


Fig. 1. Various contributions to 7, e.g. 7r (1.5), 
Yex. (1.6), 7z.r. (2.9), 7s.r. (3.10), 7°) (A384), ee 
(4.15) are shown as functions of 7s. 


Table I. Paramagnetic susceptibilities of alkali metals. 


Metal IL Na K Rb Cs 
Ys at. u. 3.24 3.99 4.90 Deo 5.79 
m*/m 1.39 0.984 0.93 0.939 0.807 
Yr 0.0842 0.0784 0.0550 0.0464 0.0454 
vex. —0.0629 —0.0510 —0.0416 — 0.0384 —0.0352 
‘Pihets 0.0098 0.0099 0.0099 0.00995 0.0100 
Spe 0.0397 0.0366 0.0335 0.0324 0.0312 
Hee —0.0268 —0.0217 —0.0170 —0.0149 —0.0131 
7 0.0441 0.0521 0.0399 0.0354 0.0383 
Xea1.: 106 c.g.s. M2 0.967 0.677 0.0599 0.428 

1.90a 0.764a 0.793b 0.706a 0.887a 
Xexp. - 108 c.g.S. | 2.08+0.1c 0.95+0.1c 
1.96+0.1d 0.89+0.04e 


a Calculated from the measurements of the Knight shift by G. B. Benedek and T. Kushida: J. 
Phys. Chem. Solids 5 (1958) 241 and the calculations of the hyperfine interaction by H. Brooks (quoted 


by G. B. Benedek and T. Kushida). 


b Calculated from the measurement of the Knight shift by W. B. Gager and F. J. Milford: Bull. 
Am. Phys. Soc. 5 (1960) 176 and the calculation of the hyperfine interaction by J. Callaway: Solid 


State Physics vol. 7 (Academic Press Inc., New York, 1958) 144. 
c Obtained from the paramagnetic resonance experiments at 77°K by R. T. Schumacher and Cars 


Slichter: Phys. Rev. 101 (1956) 58. 


d Obtained in the same way as c by R. Hecht and A. G. Redfield: 


240. 


296. 


Bull. Am. Phys. Soc. 4 (1959) 


e Obtained like c at 4°K by R. T. Schumacher and W. E. Vehse: Bull. Am. Phys. Soc. 5 (1960) 
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= (np»/HV)=(Neew/27 V)=3.18 x 10-'rs er . 


From (5.3) the paramagnetic susceptibilities 
for alkali metals are calculated and are shown 
in Table I. In this table, the values of 7s are 
the values at room temperature (300°K)'® and 
we use the values of the effective mass calcu- 
lated by Brooks”. 

The paramagnetic susceptibilities calculated 
for alkali metals are compared with the ob- 
served values, obtained from the intensity- 
measurement of the paramagnetic resonance 
of conduction electrons, for Li!.'® and 
Na?t),.29, 


Table II. Volume dependence of X.2. 


Metal is Na Rb Wes 


S SVS Mies Losi Loc 


ge 


| 099 O98 O97 096 095 AM AagI93 Oe 
V/ Vo. 
(a) 


1,08 \ ae | 


Experimental 


deduction = y 


PS ee lane & Kohn 


1,00 i ae See Saewes ey \ 
00 098 096 094 092 090 088 ase os4 
V/ Vo 


(b) 


| 


(Vol. 15, 


(5.3) 


[ 


1.20 Rb 


a eae 


ie) 


£ “SExperimental 
= deduction 
o 
).10 
1.05 
| 
1.0 0.9 08 
V/ Vo 
«c) 
(.7 
1.6 Cs 
BS) Experimental 
deduction 
o|.4 
& 
SS 
w 
Q 


= a ee 
1,00 0.95 0.90 0.85 0.80 OS 
V/ Vo 
(d) 


Fig. 2. Volume dependences of Py, for Li, Na, 
Rb and Cs derived from (5.3) and (5.4) using 
the Benedek and Kushida data'?), together with 
the theoretical results obtained by Kjeldaas and 
Kohn”) for Na and those obtained by Brooks?5) 
for Na, Rb and Cs. 
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On the other hand, the Knight shift K is given by?® 
K=(87/3)y%2Pr , (5.4) 


} where 2 is atomic volume, Pr=<|¥7(0)|®) is the probability density of an electron, whose 
| energy is equal to the Fermi energy, at the nucleus. From the measurements of the Knight 
| shifts for Li, Na, Rb, Cs and K™ and the calculations of Pr for Li, Na, Rb, Cs by Brooks?” 
| and for K by Callaway?”, we can obtain x using (5.4) and show the results in the eleventh 
i row of Table I. 

| The agreements between the theoretical values and the experimental values of paramag- 
} netic susceptibility for Li and Na are satisfactory. Generally it will be expected that the 
| theoretical value obtained here is greater than the experimental one because we take into 
} account up to the third-order perturbation calculation which contributes to y as negative. 
] However, for K, Rb, Cs the latter is greater than the former. This disagreement will be 
| due to the fact that the higher-order terms of 7; in y which are neglected in our calculation 
} become important for K, Rb, Cs. 


§6. Comparison with Pressure-Effect of the Knight Shift for Alkali Metals 


|  Benedek and Kushida measured the pressure dependence of the Knight shift for Li, Na, Rb 
| and Cs’*), and determined the volume dependence of the Knight shift using Bridgman’s data?” 
| on the P—V isotherms for the alkali metals. Following their analysis we shall discuss the 
volume dependence (or 7; dependence) of the paramagnetic susceptibility calculated in §5. 

In order to find the volume dependence of %, (5.3), for alkali metals, we use the values of 
effective mass and its volume dependence* which were calculated by Brooks” and Brooks 
i and Ham”). Expressing the volume dependence of %2 as %2/(%2)o=(V/Vo)?, where Vo is the 
} volume at room temperature (300°K), from (5.3) we obtain the values of g as shown in Table 
rl. 

From the volume dependence of the Knight shift determined by Benedek and Kushida and 
that of the x2 determined above, the volume dependences of Pr for Li, Na, Rb and Cs are 
obtained by (5.4) and are shown in Fig. 2. In Fig. 2b the comparisons with the calculated 
§ values by Kjeldass and Kohn”) and Brooks®) for Na are made. In Fig. 2c and 2d the com- 
} parisons with the calculated values of Pr by Brooks®) for Rb and Cs are made respectively. 
} Although we could not make any comparison with the calculated values of Pr for Li, it is 
| interesting to note that the volume dependence of Pr for this metal is very small. 


Appendix I 
Using the vector model of electron spins we calculate the third-order perturbation-theoretic 
} energy of the screened Coulomb interaction. We consider N electrons in the volume V. 
| The energy of the perturbation is as follows: 


Ao ry (Al) 
i 
Hig Are] > Be ex Din as teet yi (A2) 
? Cc 


Petite unperturbed states be the states of the completely free electrons. In the ground 
| state we assume that N electrons occupy the states with the wave vectors hi, ke, ---, kw 


* For the r; dependence of effective mass m* of Cs we use the following data calculated by Brooks 


(private communication): 


1 [Oe ok ees SO 54 goblet 62 
cain 1.7297 1.4858 1.3068 1.2862 1.2370 1.2004 


We should like to express our sincere thanks to Professor H. Brooks and Dr. T. Kushida for informing 


us of these results. 
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respectively and the spin function is expressed by Ob. Then, the total wave function 
VY o(k1, ko, gn ks ky) is 


¥ (kk, ke, Soe 8 og kn =i 2 EpP OK, (1)K2(2)- r Pky )P°"Oo ? (A3) | 


where 
gr (t)= V-? exp(tk;-1i) . (A4) 


P and P” are permutation operators on electron coordinates and spin coordinates respectively 
and €p=+1 or —1 if P is an even or an odd permutation. 

In the state in which i and j electrons jump to other orbits with the wave vectors ki’ and 
k,’ and the total spin states is described by Om, the total unperturbed wave function is as __ 
follows: 


F mike’, kN y EpPox,(1) i "Og 0 — 1)pKg(t)@K,4 2+1)- ae | 
x Pk; = MGS lpn D) rks Ai a= D ae Pky (NV )P? Om’ ° (A5) i 
Using the formula of the third-order perturbation-calculation, | 


t , Ay. iy Ay? 7 Aya’ Hux’ Ax’ 
ROS 2 
OS 2 2 (REESE — Ree Nae Sr 


(A6) 


we can obtain the third-order perturbation-theoretic energy of the screened Coulomb interac- 
tions as follows: 


E®=f,°+F,°) + f°) , (A7) 
= (0; Kedes| His! ln! kes Con 5 ed Ke Hes on!" Bed“) 
E (3) —— Ss SS ps id) i) , ’ j 
TTB ky yh ys ey hy”, pre aere meE, er ee, | 
(ml; Ke es Has! 05 aks) , (A8) | 


il 
He, Siang OY Ne 
8 kB yy ky#h,, by 'hey’) msm’? 
ks, 


«[ > (0; kik;|His|m’; ki’ kes)’; kiki| Hi’ |’; ki’ kev (mn, kv hey kev’ |r \0; Keke jx) 
ky oky/ {E(Kea’, Key) — ECs, Ie5) ECR’, hey’, er’) —E| ki, ks, kv)} 
as. (0; Kekes|His/ lm’; kil key’ 5 keg kea| Hy! ns eye ns, Kee Tey ev Her’ 03 Keukesex) || 

hy shy’ {E(Kea’, hes) —ECki, hej) E( ki’, ey’, kev) — E(k, key, kx) } | t 


(A9) i 


1 
4 keyske > ky sk m’ m7 


ie kik s|His'\m’; ki’ key am’; ke es ||’; ke key on’; ki’ ky’ | His’ \0; kikes) 
{E( ki’ ? ky ae E(k, ky)? 


— (0; kik s| His’ |’; kei hey am’ 5 hea ey’ | His’ lm’; kiks)(m’’; kik;|H’|0; kik;) 
{E(ki’ ? ky = E(ki, kj)}* |. 
where 


Eki, k= —(ke +k?) , 


2 
E(k, ky, k= (he the eb , 
2m 
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mM; ki’ kj |Hij’|\m”; kiky =| 0h . ki’ te ky ae ky) His 


x Pine Kes ed girs he vr ‘kyw)dt1 ---dtw= ee yy =o 
V \pisk 


x {0(— ki’ +p+ ki) 6(—kj —p+kj’)—6(— ki “+p Pk; )0(—kj —p+ ki PC}, (AIS) 


m/s > 


and P sn. =|05P “2 Omdé1-+-dEw, where P“) is an exchange operator between i and j spin 


coordinates, and 


(m; kikeski| Hy’ \m’; Bef ki) = \ Wad hie hy + kiss ew) Hy’ 


XU miki: + hi + he ++ kei’ ++ ke) dei- ++ dtw 


Ane? 
= = DS p-[6(ki— ki’ ){0(— kj tp + ky)0(—ka— pp +k) 0mm 
IP|>k, 
—O(— ky tpt ky’) 0 —ki— p+ kj )P mt — Oki kes ){8(— ky +p +k) 8(—ki—p +k) Pop, 
—0(—kjt+pt+k)d(—ki—p+ki (PP ©) mm} (A14) 


(4.2) is obtained from (A8), (All) and (A13) if we leave the spin permutation operators in 
the vector model without integrations. The processes of the perturbation in this case are 
shown as follows: 


ith electron: ki —>ki’ —>ki’’ —>k, , 


(A15) 
jth electron: kip hl Rl Sy : 


where the crossing of the two arrows means the exchange of the two electrons. 
(4.3) is obtained from (AQ), (A11), (A12), (A13), and (A14) as before. In this case there 
are the following 16 processes: 
ith electron: ki—>ki’ —>ki , ki —> ke —> kk —— ks , 


va f 
; aay, 5° as \ y 
jth electron: kj—>kj —>kj—>k;, k3-—>kj —>k;, 


ith electron: ki — ki — kr , ki meg ey ; (A16) 


k; —> kif ki ’ ki — ki’ —> kif —> ie: . 


ky, ki — ki , ki ki —> ki. 


(4.4) is obtained from (A1), (A10), (All), and (A13) and there are 8 processes in this case, 
that is, 


ith electron: ki; —> ki’ — ki —> ki ki ki Chae 
\ 
; EN pe eee My ae (A17) 
jth electron: kj——> k; kj —k;, kj—ks hy ahs 
\ 
BN) 


Ith electron: ki ki, ki jis 
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Appendix II 


As we have not succeeded in carrying out the necessary integrations in (4.5)-(4.14) analy- 
tically, we calculate the integrations using the following four approximations: 

(1) The scalar products of two independent vectors are neglected, e.g. p:(pt+kitk:)-p’, 
SP Poppe. 

(2) ki®, ko? and ks? in the integrands are replaced by the mean values in the Fermi sphere, 
thatels moos 

(3) Taking into account the fact that p>B, 
8~1 in alkali metals, and the contribution 
from the lower value of ~ is considered to be 
predominant in the integrations of p, we use 
the following approximation (p?+1?+h2?)-'—> 
p?—(ki+k:?)/(2p+) when p?~ki?+h:2?. 

(4) By making use of the above three ap- 
proximations, ki, ke, and ks in all the inte- 
grands disappear. Then, for the integrations 
over ki, ke, and ks, we use the following ap- 
proximation. In the equations which define 
the regions of integrations for k: in (4.5) and 
(4.6), |Kitp|>+ and |kitp’|>+ are assumed 
to be independent of each other because | p—p’| 
>. The region of integration for k: is shown 
in Fig. 3 as the shaded area, but we neglect 
the portion where the three spheres O, P, 
and Q overlap trebly. 


Then, when p<2n+, p’<2n:, the integration of ki over the region 0<hki<n,, |kitp|>n-+, 
|kitp’|>n+, becomes [a°k=r(4ns9/3—Anet/3—mtp + p?/12)— (4243/3 — ni2p’ + p’3/12)}, where 


Fig. 3. Allowed regions of integrations for ki, 
k, and kz in (4.5) and (4.6). 


7((4/3)2.*—n+*p +(p3/12)) is the volume that the spheres O and P in Fig. 3 overlap each 


other. Similarly the integrations for kz and the integrations when m+ is replaced by v- are 
carried out. 


Furthermore we use the expansions: 
1 iL 
Ns =ks/ko—le— eee 6 (A18) 
in the integrations and we calculate the coefficients of £& only. 


Therefore, when p<2 and p’<2 we have 


[Kea | d*ki | @?k2=Cy-+2I,- ’ 


Ky<n+, K,<n_, 


\kj+P|>n+, |k,+P|>n_, (A19) 
[ky +P’|>n1, |kg+P’|>n_. 


1.-=(n#/54){—96+ 112 b+) 36+ PE +(D+D D+ D} 5 
when p<2 and p’>2, 


Ki2=C eae I’, = — (27?/3)p? + (22/54)p ; (A20) 
when p>2 and p’<2, 


Keen eel, I’, -=— (27?/3)p’?+ (x?/54)p”* ; (A21) 
when p>2 and p’>2, 


K.-=(16n2/9)\(1—£2) . (A22) 
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After all, the part of E:(+—), (4.5), which is proportional to £ is as follows: 


; 3 s 2 p 2 co 
Ey (+—)= 3s z2 i ap \ av'r._+| ap\ dp’l’.. 
B B 


! i ; yyrr 167? 1 
Sh aD ap aia peer een Fe LE 
\ | ie eee ie ap\ ap’! ban ee 


By carrying out the integrations for b and p’ and from (1.1), we have 


B1°( + —YE=71 (4+ —)=—0.107175-!+.0.204275-1/2—0.1331 
+0.0198675'/? +0.0052847; +0.00011677s(In 7s)2—0.0021087s In rs 


—0.000142675*/? + 0.000032657 52+ 1.346 x 10-%755/2—1.338 x 10-8757/2 . 
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(A23) 


(A24) 


The integrations for k: and ke in (4.6) are worked out as before, and when p<2 and p’<2 


we have 


on | dks dk, =C+DELE*I , 
h1<n4, K2<n1z, 


\kj+P|>n4, |kot+P|>n4, 
[ky +P’|>n 4, 1k, +P’|>n,, 


jee ose 40 
9 


40 
rH | 


re eae rae| 


' when (<2 and p’>2 we have 


Kae=C4DE+EY” , I =(n*/54)p2(12+ p®) ; 
when p>2 and p’<2 we have 
Kage =O eee I (7/54)p702+p”).; 


-and when p>2 and p’>2 we have 


Kx =(1672/9)(12E+E%) . 


“From (A25)-(A28), (4.6) becomes 


venom 1B Sef aero 


°° 2 16z? il 
dp\ dp/I’/+ dp\ d, , 
oa sts 2 mt ar 2} sia aed 


By carrying out the integrations for p and p’ and from (1.1), we have 


{Ei(4-+)+E:O(— HE =r 4 +) 4+11(—) 
=0.070607s-2—0.07796rs-?/2 + 0.016647s-! +0.001354—4.171 x 10-475" 
+2.198 x 10-572—4.075 x 10-8758/2 + 1.657 x 10-®7s?+6.851 x 10-9755”? . 


Then from (A24) and (A30) Zi", (4.2), becomes 
E;® = F,8)(+ —)+ Fi (+ +) +E? (— —)=const. +E yz, F 
71°) = 7 '3)(-+ —)+719(+ +)+71°(— —) 
—0.070607s-2—0.07796r's-?/2—0.090507s-1+-0.204275-1/? 
—0.1318 +0.019457s!/2+0.0053067s— 1.467 x 10-*7°/? 
43.431 x 10-57s?+1.353 x 10-*75/2— 1.338 x 10-*7s"/* 
+1,167 x 10-47s(In rs)? —2.108 x 10-*7s In 7s . 


(A25) 


(A26) 


(A27) 


(A28) 


(A29) 


(A30) 


(A31) 
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For the calculations of E2 and Es; the same approximations with the ones used for the 
calculation of E:® are made use of and the results are as follows: 


Eo =F, ($+ +)4+E:°(4+4+—-)+F2°(4+-4+)4+£2°(-—++) 
+ E2(———)+ Fo +) E22 ( at )+ E,®(+——)=const. +&72 , (A32) 


a —0.181975-2—0.09327rs—! +0.04218—0.0045827s —5.371 x 10-®7s? + 0.0010027s In 7s , i 
and 
E;® = E3®(+++)+23®(++—)+ B:®(+—-+)+23°(—+ +) 
+ F3°)(— =e, —)+f;°)(— +)+ EF 3°)(— + —)+ E3(+ aan —)=const. +& 73°) é (A33) 


739 = —0.631875—*/2 +.0.22147rs-*/20.003347rs-/2 +5.518 x 10-4751/? +8.321 x 10-*7s . 
Then, from (A31), (A32) and (A33) FE), (4.1), becomes 
E®=E)® +7 - 
73) =7,2) +75 +73 = —0.631875->/2 0.111375? +0.143575-*/? —0.183875—* t 
+-0.17087s~*/?— 0.08959 +0.020007s/? +8.073 x 10-*7s (ASDe 
—1.467 x 10-*75?/2++2.894 x 1057.24. 1.353 x 10-®75°/? 
—1.338 x 10-87s7/2—0.0011067s In 7s +1.167 x 10-*7s(In 7s)? . 
In (A34) there are several terms which diverge if 7; tends to zero. This comes from the 
fact that we use the approximations, in obtaining (A34), which are reasonable at actual 


metallic densities (7s~4) and undoubtedly will be wrong approximations at r;=0, as seen from 
the dotted curve in Fig. 1. | 


Appendix III 


At the high-density limit of the electron gas, the most important term in the third-order 1 
perturbation-calculation energies of the screened Coulomb interactions is the term which is | 
independent on the spin orientations in F2, (4.3). This is given by 


EPO O)=f (ns, n+, ny) +f (n+, ne, n-)+ Ff (M+, n-, n-)+f (n+, n-, n+) 


+ A=, Na NA Mae er FN, Mi WE) Ins tie, Hs (A35) 
where /(x1, x2, x3) is defined as follows: 
fC Re eee | d*k: | ak: |a°ke \ap : —, asl 
S270" D’p-(pt+kitk:)p:(p+ke+ks) | 
ki<2, Kj<2, K3< a3, p>B, 
\k)+P|>21, |k,+P|>22, |k3+P|>2g. 


From 2+=1+4(1/3)E—(1/9)&, E.°(©) is expanded in powers of &? as follows: 


Ex (E)— En(0) = : a 9 OF (x, Led) Oy i Da) 


=| 
Ox Ox? je a 


We calculate f(x1, x2, xs) at the limit 6-0 in the following way. Let the direction cosines jf 
between p and ki, ke, ks, be 41, 42, As respectively. When p—0, the regions of the integra- ' 
tions for ki become 0<Ai<1, ki>xi>hki—pdi (i=1, 2, 3). Then we have 


B Da 0 (x1A1+X2d2)(X2d2+x3A3) 
From (A38) and 6=0.47rs'/2, (A37) becomes 


Fo, 2, S| Graal aad ai ee (A38) | 
0 0 | 


Ex(E)—ExO)=F70 , ya =—0.0658 , (A39)) 


1960) Paramagnetic Susceptibility of an Electron Gas 2235 


When 7:0, y®, given by (A34), of course does not coincide with rn, then we correct 
r® as follows: assuming that at 7;=0 7 becomes rex and at rs=4 7® takes the value 
given by (A34) and taking account of the fact that vy must become zero at 7;>00, we ap- 
proximate 7® by the formula 


=e exp(—0.2787s) . (A40) 


This 7. is shown in Fig. 1. 


corr. 
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The increases of the magnetic susceptibilities with temperature for 
non-ferromagnetic transition metals are investigated by making use of 
the band picture. If the Fermi surface at the absolute zero of temperature 
is in the neighbourhood of a minimum of the electron state density, the 
susceptibility increases with temperature at lower temperatures. Instead 
of the band with a minimum of the electron state density we use the 
band where two standard bands are superposed. The spin paramagnetic 
susceptibilities of this band are calculated numerically at arbitrary 
temperatures in the several cases of the position of the Fermi surface 
and the shape of the band, and it is shown that the susceptibilities increase 
with temperature at higher temperatures. By comparing our theoretical 
results with the experimental results for the susceptibilities of pure 
chromium and dilute alloys of iron in chromium at higher temperatures, 
the position and the shape of the Fermi surface in the neighbourhood 
of the minimum of the state density for chromium are discussed. 


for some metals their susceptibilities increase 
even at about 2000°K. If these metals were 
antiferromagnetic, their Néel temperatures 
should be higher than 2000°K. Such an inter- 


pretation is improbable. 


$1. Introduction 

Among non-ferromagnetic transition metals 
there are many. metals whose paramagnetic 
susceptibilities increase with temperature. We 


show in Table I their susceptibilities and the 


temperature dependences at room temperature 
,2),5),4), where the signs of plus and minus re- 
present the increase and the decrease with 
temperature respectively. 

It will be difficult to understand this pheno- 
menon by the Heitler-London model. Of course, 
it may be possible to consider that these transi- 
tion metals are antiferromagnetic and their 
Néel temperatures are rather high. However, 


Making use of the band theory, Stoner® has 
shown that if there is a minimum in the state 
density of the band and if the Fermi energy 
at 0°K is at the minimum, the magnetic sus- 
ceptibility increases with temperature. This 
fact will be explained simply in the following 
way. The number of electrons and the total 
magnetic moment of electrons are given re- 
spectively by 


(1) 


Ne F y(6)d& % v(E)\dé 

o exp[(E—Er—peH)/kT]+1 o exp[(€—Ert+yue2eH)/kRT]+1 ’ 
M =f v(6)d& ° __ ()dé 
ts Jo expl(E—Er—wsH)/RT]+1 $y exp [(E—Ert+ueH kT] +1 


where € is the energy of an electron, €r the Fermi energy and v(€) the density of states. 
From the first equation €r is determined as a function of temperature, then from the second 


the susceptibility is obtained. 


At low temperature integrals in (1) are expanded by series, and the paramagnetic suscepti- 


bility is given by 


tee 6 


spp a Paes) | 14 E | EAE) _ (ED 


po. » 


y(&o) 


where & is the Fermi energy at 0°K, v’(6)=d»(6)/dé and v’’(€)=d*v(€)/d&2. If we assume for 
»(€) the usual form &/? or &", the sign of the temperature coefficient of the susceptibility is 
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negative. Elcock e¢ al. calculated susceptibilities numerically from (1), and found that for 
these cases the temperature coefficients are negative at all temperatures. 

On the other hand, if & is at a minimum of the state density the temperature coefficient 
becomes positive, because v’() is zero and v’(€o) is positive. The transition metals, whose 
susceptibilities increase with temperature, have the lower values of susceptibilities and specific 
heats at low temperature (both are proportional to »(&)) than those of two neighbouring 
elements in Table I. This fact is consistent with the above discussion. But (2) is valid for 
T<&/k, and at arbitrary temperature where this condition is not necessarily satisfied we must 
work out numerical calculations with (1). 

The purpose of this paper is to investigate the temperature dependence of the magnetic 
susceptibility at arbitrary temperature in the case where the Fermi energy at 0°K is in the 
neighbourhood of a minimum of the state density and to discuss the band shape in the 
neighbourhood of the minimum by comparing our results with the experimental results. 

On the other hand it is supposed that the thermal expansion of these metals may affect 
their susceptibilities. But a simple calculation by the Stoner theory shows that this effect is 
considerably small (Appendix). 


Table I. The magnetic susceptibilities. Xmolex 108, and their temperature dependences, d%mote/d TX 108, at 
room temperature of non-ferromagnetic transition metals are shown. dXno1e/d7'<108 are shown in 
parentheses. The values are adopted from references 1, 2, 3 and 4. The susceptibility of W is 
nearly independent of temperature at room temperature, but at high temperature it increases with 
temperature (dXmoied 7X 108=0.5 at 1500°K). 
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Fig. 1. Superposition of two ‘‘standard’”’ bands. Fig. 2: Three cases in Eq. (6). 
e* is the overlapping of bands, é:r and ¢yr are 
the Fermi energies. 


F 2. Calculation of Paramagnetic Susceptibilities for Two Standard Bands Superposed 
By superposition of two “standard” bands we approximate a band which has a minimum 
in the state density (Fig. 1); the state density is given by 
y(€)=v1(E) +y2(&), vi(€) Sei y2(E)=a26"/?. ( 3 ) 


For the left band in Fig. 1 € is measured from the top to the lett, while for the right poe 
g is measured from the bottom to the right. We represent the overlapping of bands by &*, 
\the Fermi energies by Gr and & (€*=E1r+&r), and their values at 0°K by & and & re- 


spectively. 
| For this band (1) becomes as follows: 


| 
1 
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(M—N\VRT)*2 =a Fip(git B)t+Fin(m—B al File +B) +-Fipe— 8) ; (4) 


M/ekT 2 =a Fip(gi+ BO —Fip(m—B)+a2[Fip(y: +B )—Fipngz—B)] , 


where 


Fn=|\ x=E/RT, 1=Eir/RT, Ye=E2r/kT, B’=usH/kT , 
an eG 


and N; is the total number of states in the left band. Putting €*=kT*, we have 
Mmtn=T*/T. (5) 


The first equation of (4) becomes 


— py3/ * \ 3/ i i 
2 1—pril? & y "for &0>0, &0>0 (Fig. 2 @); 


8 ERO eT 
2 fr _\oa THY EH Rests | 
Finn) pF inl) =| —3 D cee ( a for &0<0, &>0 Fig. 2 (i); (6)) 
2 il TEEN 8/2 : = 4 
was zk =| for 0>0, &<0 (Fig. 2 (ii), ‘ 
where pH=ala and x = &20/E10. 
From the second equation of (4) 
4/2 ee? asrE*/?) =F (91) + PF’ 12(y2) (T/T *)? , (7% 


where F’ip(7)=dF;2(y)/dy. The first term in the right-hand side of (7) is the contribution 
from the holes of the left band and the second is that from the electrons of the right band.. 
4: and 72 are determined as functions of temperature from (5) and (6), and then x is given) 
as a function of temperature by (7). | 

If 7-0, i 


Lepr . 

d4+n > for 0<7; 
x 1 
Qusae? ) tpi’ HU Sines (8)5 


Eas 1 
Ae ee A) ROMs << lee 


If T->co, y: and y approach their limiting values 7° and %2” given by 


Fip(a?)=pF ip(y2™) , (978 
then 


X/(2tes?asE**1?)—> [F's jog.) + PF spa”) \(T/T*)? (10) 


At intermediate temperatures we calculate susceptibility numerically from (5), (6) and (7)) 
We make use of the numerical values of Fiy(y) which have been given by McDougall ana 
Stoner”. The results of our calculations for the temperature variations of the susceptibility 
at several values of y when p=1 and 10 are shown in hig. 3. | 

At higher temperatures susceptibilities increase infinitely with temperature. This behaviocl) 
is due to the fact that we use the “open” band shown in Fig. 1, because in this case thr 
number of the electrons which contribute to the susceptibility increases infinitely with increasing 
temperature. According to Elcock®) a “closed” band composed of the superposition of twa) 
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fitures. However, because the usual temperature region will be rather “low” compared with 
‘the total width of a band, it is enough to use an open band. 

On the other hand, at low temperature susceptibility is determined by »(6). There are two 
dips in the band given by (3). The shape of the band given by (3) will be rather different 
from that of the real band in the neighbourhood of the “minimum”, then the calculated sus- 
ceptibilities at low temperature will be unreliable. 


Figw3i(a)s Fig. 3 (b). 
Fig. 3. The calculated temperature-variations of the susceptibilities. (a) p=1, and (b) p=10. 
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_ Fig. 4. ‘‘Closed’’ band composed by the super- Fig. 5. Variation of the Fermi energy due to 


position of two standard bands. alloying. ey and er* represent the Fermi ener- 
gies of a pure metal and a dilute alloy respec- 
tively. 


§3. Paramagnetic Susceptibilities of Dilute Alloys of Transition Metals 

Now we consider dilute alloys in which a small amount of another metal is alloyed in the 
transition metals discussed above. Let the susceptibility of a transition metal be y and that 
of its dilute alloy with another metal be ~+4z and we obtain 


é* Ax _ PF pm)—F p01) sia ; (11) 
us? AN PF iply2)t+Piaplim) T 


where F’12(y)=d?Fi2(y)/dy? and 4N is the increase of the number of electrons (Fig. 5). 
Here we have assumed that the band shape is not affected by alloying and the additional 
electrons are distributed in the same band. 

With these assumptions and assuming a proper band we can easily explain the increase of 
the specific heat, which is proportional to T at low temperature, when another metal is alloyed. 
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For 7-0, 
] pos? for 0<7r; 
2” Dr ee | 
Gs Dhicis suds ot ty breatey ey. (12) | 
Us? AN 2 i 
Tt! 5 ike 7K 
2 Y 
and for T>«, | 
Sey. DF p(n") — F121) ike cr), (13) 


ps? AN DF ipa") +F'ip(m?) = 


As shown in the following section, this result agrees qualitatively with the experimental results 
obtained by Newmann and Stevens”, 7.e. in dilute alloys of iron in chromium 4y follows the f 
Curie law at higher temperatures (they explain this result with the Mott-Stevens model, namely 
they attribute 4y to the effect of the two localized electrons of an iron atom). 


$4. Comparison with Experimental Results 
The results obtained above contain many parameters which cannot be determined definitely. 
So we ought to be satisfied with rather rough estimations in the following way. Now, we 
rewrite (11) and (13), and compare with the experimental results obtained by Newmann and 
Stevens”. | 
If we neglect the difference between densities of pure chromium and dilute alloys of iron | 
in chromium, and that between the atomic weights of chromium and iron, 


AN=1.16 102 qx per gram, (14) 


where x is the fraction of Fe atoms and g the increase of electrons per iron atom. Then | 
(11) and (13) become 


DF p2(q2)—F’12(%1) 1 Gu) 
Az=0.00721 
# ae PF sp2(y2)+F'spe(m1) 3 =T 


and for T— co 


je DF p92”) — Fs 2(91*) i ' 
Ax-—0.00721 ; lig 
‘ ae DF’ s j2(42”) + F'1/2(71) IP = 


m1” and 7” are determined by the value of p (see (9)), and then the slope of 1/dy vs. T is | 
determined by #, also. 

Although it seems to be reasonable to take 2 for the value of g, we will regard qasa 
parameter for the time being. It is possible to obtain an agreement between our theoretical 
calculations and the experimental observations of susceptibilities if qg is larger than 2 and p 
is larger than 10. We will use p=10 in the following consideration. 

In Fig. 6 the measured values of susceptibilities for chromium are compared with the 
theoretical values of susceptibilities for p=10, r=—2, Ts20(=€20/k)=350°K and D=1057— ie 
T20=250°K. In Fig. 7 the measured 4x of Cr-Fe alloy (1.05% Fe) is compared with the theo- 
retical 4y for the same parameters with those mentioned above. The values of a: in Fig. 6 
and of q in Fig. 7 are determined to get an agreement between the theoretical values and the 
experimental values for susceptibilities at high temperature. It is difficult to determine the 
value of 7 precisely, because the curves are not so different for both cases where r=—2 
and 1/10. 

If the Fermi energy is nearer to the “minimum” (ry is smaller) than these cases, it seems 
to be impossible to fit the calculated curves with the experimental results for both y and dy | 
by using the same values of parameters. | 
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And if the Fermi energy is in the left-hand of the “minimum” ((iii) in Fig. 2), it is quite 
mpossible to get a satisfactory agreement between our calculations and experimental results 


or both x and 4x. Anyhow it can be said that the order of magnitude of Tz. for Cr is 
‘iven by the value obtained above(~300°K). 
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ig. 6. Comparison between the theoretical sus- Fig. 7. Comparison between the theoretical sus- 
ceptibilities and the experimental ones for ceptibilities and the experimental ones for 1.05% 
chromium. Fe in Cr. 
(i) Calculated for p=10, r=—2, Toy—350°K (i) Calculated for p=10, r=—2, T=350°K, 
and = wgtk/2qa,3=1.56 10-8, emu. g-! q=4.8, 
deg-1/2, (ii) Calculated for »=10, r=1/10, T29=250°K, 
_ (ii) Calculated for »=10, r=1/10, To=250°K q=5.8, 
and px2k!/2a,;=1.23x 10-8 e.m.u. g-! deg-1/2, Dots are experimental results by Newmann and 
G-K: Experimental result by McGuire and Stevens). 
Kriessman!?), 
N-S: Experimental result by Newmann and 
Stevens?). 


The above-mentioned analysis is consistent with the experimental results on the low- 
emperature specific heat of Cr-Fe alloy obtained by Wei et al.” According to their 
neasurements, when the fraction of Fe atom, x, is small, 7 increases rapidly with x, where 
‘T is the low-temperature specific heat. Because y is proportional to v(€), if we assume that 
the band shape is not different from that of pure chromium when a small amount of iron 
itoms is alloyed, we can expect that the slope of the state density vs. energy at &o is steeper. 

To obtain a rough estimation we neglect the left half of the band shown in Fig. 1, 2.e. 
(€)=aé'/? and a=(3/4)N&o0-*/?, and we have C/Nk=(z?/2)(kT/&), where C is the electronic 
ypecific heat per mole. Then 47/4N=7°k?/(6 &)=7?k/(6 To). As 4N=Lq x, 4y=3.2 gx/To cal. 
mole! deg-?, where L is Avogadoro’s number. Comparing this with the observed value, 
t7/x—0.041 cal. mole! deg’, we get 


| p= - 


This is consistent with the result obtained above from the analysis of the magnetic suscepti- 
jility. 


}5. Conclusion 
From the theoretical point of view we see that if the Fermi energy is at the minimum of 
he state density the magnetic susceptibility increases not only at low temperature but also 
it any temperature. Especially, from the comparison between the theoretical result and the 
perimental one for chromium we can conclude as follows; (1) there is a minimum in the 
tate density of the band of chromium and the slope of the state density vs. energy above 
he minimum is considerably steeper than that below the minimum (/.c. p>1), (2) the Fermi 
mergy of chromium at 0°K is a little higher than the minimum, and (3) the magnetic sus- 
eptibility of Cr-Fe alloy can also be interpreted qualitatively by the band model. 

This work was completed while one of the authors (T.T.) held a grant from Foundation 
or In-service Trainining and Welfare of the Private School Personnel. 
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Appendix 


According to (2) in the text the magnetic susceptibility at low temperature is 


x=2 us?v(Eo) . (Ac} 


In order to estimate the effect of the thermal expansion on the susceptibility, we put 


(6) =4.NE/2/(3 E82), Eo=(h?/2 m*)(3n? N/V) , 


where m* is an effective mass of the electrons. Then 


4 = 387-473 N13 2h -2m* Vs i (At 
The temperature variation of x is 
ae =( Oln x ) tee | at) 
oT P Oln V yu OT P OT Vv 
( 2 +o) — 4) +(2 ge) 
 \SeeeOlhV Ja. 07 wala Or Jy 
As (01n V/OT)p=3a@ and (0 In m*/0 In V)r=3[0 In (m*/m)/O In rs]7, we obtain 


a) ={2e(2 Imm) Ja “ 


Table II. The temperature increases of the magnetic susceptibilities and the 
thermal expansion coefficients of Cr, Mo and Ti. 


| Cr | Mo 


f eri ge: F Lig | ; | fe: 

(234) 104 | (on temp. | +0.5 | +0 +3.5 

aT 1500°K | +2 | spl | a 

ax 10! ok ee oe }0.05 ee 
where a@ is the thermal expansion coefficient Rev. 85 (1952) 452. 
and rs the mean distance between electrons. 2) C.F. Squire and A.R. Kaufmann: J. Chem 
Here we neglect the explicit temperature de- Phys. 9 (1941) 637. | 
pendence of the effective mass. 3) C.J. Kriessman: Rev. Mod. Phys. 25 (1953 
According to the results obtained by Brooks 122. | 


et al. the values of [Oln(m*/m)/Olnrs|r for Li, 4) E.C. Stoner: Acta Met. 21 (1954) 259. 
Na, and Rb are —0.01, +0.07 and +0.12 (<2) 5) E.C. Stoner: Proc. Roy. Soc. A, 154 (1934 


respectively’. Assuming that the second term 656. 
of the right-hand side of (A-3) can also be 6) E. W. Elcock, P. Rhodes and A. Teviotdald 
neglected for transition metals we obtain Proc. Roy. Soc. A, 22% (1954) 53. 

(In z/OT)r=2a . (A-4) 7) J. McDougall and E. C. Stoner: Phil. Trae 


: Roy. Soc. 237 (1938) 67. 
For example the temperature increases of 8) E.W. Elcock: Proc. Roy. Soc. A, 222 (195: 


the magnetic susceptibilities and the thermal 230. 
expansion coefficients of Cr, Mo and Ti are 9) 
shown in Table II. It is seen that the effect Phys. Soc. London 74 (1959) 290 
of the thermal expansion is considerably small 10) N.F. Mott and K. W.H Se Phil. Ma 
to explain the temperature increases of the 2 (1957) 1364. ‘ta i 
magnetic susceptibilities for these metals. 11) C.T. Wei, C.H. Chang and P. A. Beck: Phyy 
Rev. Letters 2 (1959) 95. | 


12) Quoted by G.B. Benedek and T. Kushida: 
1) T. R. McGuire and C. J. Kriessman: Phys. Phys. Chem. Solid 5 (1958) 241. 
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breaking point mentioned above. 


1. Introduction 


The magnetic susceptibility of chromium 
selenide, CrSe, was once measured by Harald- 
sen and Kowalski” in the temperature range 
‘rom the boiling point of liquid air to 630°K 
and by the author?) from the helium tempera- 
mre to 400°K. From these results, it was 
seen that the susceptibility of the powdered 
specimen of this compound increases steadily 
with decreasing temperature. Since the asymp- 
totic Curie temperature, #,, obtained from the 
measurements mentioned above takes a value 
—200°K, an antiferromagnetic ordering of 
spins will be expected in the crystal lattice 
of this compound at low temperatures. Re- 
cently Corliss and Hastings® observed by 
means of neutron diffractometer an antifer- 
romagnetic spin ordering below room tempera- 
ture. However, no peak of susceptibility 
corresponding to the antiferromagnetic Néel 
‘point was found by the above authors. It was 
also shown theoretically that a relation Ty= 
|6,|/5® holds for the antiferromagnetic sub- 
eos with NiAs structure. Hence, the Néel 
temperature is expected to be sufficiently 
higher than 4.2°K. From these points of view, 
Magnetic and thermal properties of a single 
crystal of this compound were investigated. 


§2. Specimens and Experimental Results 


Three powder specimens of chromium sele- 
nides with the compositions CrSei.o, CrSei.os 
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The magnetic susceptibilities of the single crystals as well as powder 
specimen of chromium selenides with the composition, CrSei.o0, CrSe:.o4 
and CrSe1.97 were measured from the boiling point of liquid helium up to 
900°K. The susceptibility vs. temperature curves showed a break at 279°K, 
271°K and 232°K for CrSei.o, CrSe:.o, and CrSe1.o7 respectively. 
anisotropy of the susceptibility increases rapidly from these breaking points 
There exists also a peak of the specific heat just 
above the room temperature which, however, lies a little higher than the 
This peak temperature of specific heat 
is considered to be the antiferromagnetic Néel point. 
temperature, 6), Curie constant Cy and spin quantum number S were de- 
termined from the susceptibility data in the paramagnetic region. 


The 


Asymptotic Curie 


and CrSei.o7, were prepared by the solid reac- 
tion method. Powdered chromium (99.3%) and 
selenium (99.99%) were sealed in evacuated 
silica tubes in the desired ratios and heated 
in an electrical furnace. The highest temper- 
atere reached 1100°C. All the specimens were 
confirmed to be of the NiAs structure by 
means of the Debye-Scherrer technique. In 
order to prepare single crystals of these com- 
pounds, the powdered specimens obtained 
above were put again into evacuated silica 
tubes, 15mm in diameter, as shown in Fig. 1. 
This silica tube was connected to a balloon of 
soft rubber, half filled with argon gas, so as 
to keep normal pressure in the silica tube. 
Since the melting point of the compound lies 
just above 1500°C, the specimen was heated 
in a siliconit furnace up to about 1600°C and 
cooled slowly at the rate of 1.5°C per minute. 
A single crystal obtained by this method, 15 
mm in diameter and about 20mm in length, 
had a cleavage plane (1010). No appreciable 
deviation in the composition of the crystal 
from that of the original powder specimen 
was detected by chemical analysis. 

The temperature depencence of the suscep- 
tibility of the compound in powdered form 
was taken from the helium temperature up 
to 900°K with a magnetic balance”, the result 
being shown in Fig. 2. As it shows, the sus- 
ceptibility decreases at first rapidly and then 
slowly and after showing a breaking point at 
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279°K, it decreases again rapidly with a fur- 
ther rise of temperature. With the increase 
of selenium content, the breaking point falls 
down slightly, although the general aspect of 
the curve remains unchanged. As seen from 
the inverse susceptibility curves plotted in 
Fig. 2, the Curie-Weiss law holds for the sus- 
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Fig. 1. Schematic diagram of the apparatus 
to make a single crystal. 


the temperature of breaking point on X-T curve, 
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crystalline CrSe;.o0, 
susceptibilities are also ploted. 
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ceptibilities of these compounds above the! 
breaking point. The asymptotic Curie point} 


6, and the Curie constant Cm obtained aré| 
tabulated in Table I, together with the average! 
spin quantum number, S for chromium ion) 
which is calculated from Cm with assuming| 
that the Landé factor is equal to two, 
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Next, the susceptibilities, %., along c-axis 
and %,, along a-axis, were measured with a 
magnetic balance. These results are shown 
in Fig. 3 (a), (b) and (c) for each specimen. 
As is shown, a remarkable anisotropy in the 
susceptibility is present below the temperature 
of the breaking point. %, decreases slightly 
with the rise of temperature from helium 
point, then reaches a constant value at about 
60°K, while %, decreases continuously with 
rising temperature. 


magnetic torsion balance, a few of the result¢ 
being shown in Fig. 4 (a) and (b). The curves! 
in the figures were taken for a specimen witt) 
the composition CrSe:.99 at the temperatures! 
of 4.2°K and 86°K respectively. The angula| 
dependence of torque value in the a-c plana! 
is expressed simply by sin 20. Also the H?* 
plot of the measured torque value is showr 


in Fig. 5. As seen from it the torque valud 


} 


@ result being shown in Fig. 6. 


1960) 


changes linearly with the square of the field 
4, Strength. 


4, expressed by the expression 


Hence, the torque value will be 


Le SoMa)? ind. 


(%-—%.) is obtained from the torque values at 
6=45°, as a function of temperature, the 


It was con- 
firmed that the result obtained agrees with 


| that from the direct measurement of suscep- 


tibility of the single crystal. The difference 


} takes a positive value at low temperatures, 
'decreases in value with rising temperature 
| and shows a negative value just below room 
_ temperature. 


With the increase of the seleni- 
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(c) 
Fig. 3. Xe, X, and powder susceptibility xX, vs. 
temperature curves for CrSe:,00 (a), CrSe:.o4 (b) 
and CrSei.07 (c). 


um content the difference of the susceptibility 
changes its sign at lower temperatures. 

Specific heats were measured for the com- 
pound CrSeio from 100°K to 400°K. The 
result is shown in Fig. 7. A peak in specific 
heat vs. temperature curve is seen at 320°K, 
which coincides nearly with the breaking point 
in the susceptibility curve mentioned above. 
X-ray powder photographs were taken at 
room temperature and —70°C and showed the 
diffraction lines due to the NiAs structure, 
and the change in the lattice parameters was 
found to be of the order of the thermal ex- 
pansion, showing that no lattice change occur- 
red during heating of the specimen up to 
320 ke 


§ 3. Discussions 

Corliss and Hastings*®) confirmed the ex- 
istence of antiferromagnetic ordering of ionic 
spin moments in powder specimens of chromi- 
um selenide below room temperature. The 
diffracted intensity of neutrons due to antifer- 
romagnetic ordering was found to decrease 
with the rise of temperature but a faint long 
range order scattering remained yet up to 
room temperature. However, they have not 
yet succeeded in finding the Néel point of this 
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compound. It was again pointed that the 
asymptotic Curie point is about 200°K. Al- 
though two critical temperatures 279°K (the 
breaking point of susceptibility-temperature 
curve) and 320°K (a peak point of specific 
heat) were obtained as the possible Néel point 
of this crystal, the latter may be the true 
Néel point, because specific heat is the more 
intrinsic properties than the susceptibility, and 
further, this assumption is more consistent 
with the result of neutron diffraction experi- 
ment than to take the former. 

It is noted that the temperature dependence 
of the susceptibilities in the c-plane as well as 
along the c-axis for chromium selenide below 


at 4.2°K 
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Fig. 4. (a), (b). Torque curves for CrSe;.9) at 
4,2°K and the ones at 86°K. 
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the estimated Néel point are quite different 
from that of the ordinary antiferromagnetic } 
crystals. In ordinary crystals the susceptibili- || 
ty parallel to spin axis decreases with lowering 1 
temperature and that perpendicular to spin | 
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Fig. 5. H2-plots of torque values. 
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Fig. 7. Specific heat vs. temperature curve for 
CrSei.o0. 
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axis is constant below Néel point, so that the 
values of ye and X, should not be greater than 
the one at Néel point. It is desirable to in- 
vestigate the spin ordering of a single crystal 
of this compound with a neutron diffracto- 
meter just above and below room temperature. 
Considering from the fact that ye and Ya 1) 
below 50°K rise rapidly with the lowering of 
temperature, it may be assumed that there 2) 


tanabe for their encouragement and useful 
discussions. Also he wishes to express his 
hearty thanks to Dectors S. Maeda, N. Tsuya 
and K. Adachi for their valuable discussion. 


References 
H. Haraldsen and D. Kowalski: 


Allgem. Chem., 224 (1935) 329. 
I. Tsubokawa: J. Phys. Soc. Japan, 11 (1956) 


Z. Anorg. u. 


are paramagnetic islands in the crystal as has 662. 
been done in the case of cobaltous oxide. 3) L. M. Corliss and J. M. Hastings: Private com- 
munication. 
Picknowledgements 4) T. Hirone and K. Adachi: J. Phys. Soc. Japan, 


12 (1957) 156. 
T. Hirone, S. Maeda and N. Tsuya: 
Instr., 25 (1954) 516. 


The author wishes to express his cordial 5) Rev. Sci. 


thanks to Professors T. Hirone and H. Wa- 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 12, DECEMBER, 1960 


The Change of the Curie Temperature of Iron-Nickel 
Alloys Due to Hydrostatic Pressure 


By Takejiro KANEKO 
The Research Institute for Iron, Steel and Other Metals, Tohoku University 
(Received August 5, 1960) 


The change of the Curie temperature due to hydrostatic pressure was 
measured for two iron-nickel alloys with a nickel concentration of 30 and 
32 atomic percent respectively. Hydrostatic pressure was produced with 
an apparatus of Bridgman’s type and the measurements of magnetization 
were performed by the ballistic method. The change of the Curie tem- 
perature due to pressure was estimated to be —3-10-3 and —2.7-10~% 
deg. kg-2cm? for specimens with a nickel concentration of 30 and 32% 
respectively. Based on Smoluchowski’s fomula, the volume dependence 
of saturation magnetization at absolute zero 1/Iy-0I)/dw and that of the 
molecular field coefficient 1/N-dN/dw for a 30% nickel alloy were found 
to be 27 and —16 from the experimental results. And then taking into 
consideration the volume dependence of the saturation magnetization at 
absolute zero, the relations among the volume dependence of the Curie 
temperature, molecular field coefficient and exchange integral are discus- 


sed. 

fact that the ferromagnetic magnetization does 
not vanish even by the action of infinitely 
large pressure, they concluded that the Curie 


§1. Introduction 
According to several authors the magnetic 


properties of an iron-nickel alloy with a nickel 
concentration of about 30 atomic percent show 
a remarkable pressure dependence: Ebert 
and Kussmann!) measured its magnetization 
at various temperatures under the action of 
high hydrostatic pressure, and based on the 


temperature of the alloy mentioned above did 
not change with hydrostatic pressure. On the 
other hand Patrick?) measured the change of 
the Curie temperature due to pressure by the 
A. C. transformer method and obtained a 
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value —5.8:10-°deg./atoms. Since the spon- 
taneous magnetization should vanish at Curie 
temperature, however, the method of measure- 
ment used by Ebert and Kussmann may be 
more desirable than that used by Patrick for 
the purpose of finding out the change of the 
Curie temperature. So that the present author 
measured the change of the Curie tempera- 
ture with nearly the same method as that 
used by Ebert and Kussmann for two iron- 
nickel alloys with a nickel concentration of 
30 and 32 atomic percent respectively. 


§2. Specimen and Experimental Procedure 


Two iron-nickel alloys, containing 30 and 32 
atomic percent of nickel, were melted in a 
vacuum induction furnace, cast in a metal 
mould, 20mm in diameter, forged and then 
machined into rods, 70mm in length and 3 
in diameter. They were then annealed at 
650°C for about 60 hours and, in order to 
maintain the 7 phase (f.c.c. structure) which 
is stable at high temperature for these alloys, 
rapidly quenched in ice-water. It could be 
confirmed that the specimens consisted merely 
of f.c.c. structure since the alloy had the Curie 
temperature which coincided with that of y- 
phase alloy. 

Hydrostatic pressure 


was produced by 


(A). (A) High pressure 
container 


eae re (B) Spegimen 

(C) Search coil 
(D) Heat bath 
(E) Tnermocouple 
(F) Magnetizing coil 
(G) Heater 

(H) Stirrer 
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Fig. 1. Schematic diagram of a part of the meas- 
uring equipment. 
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means of an equipment of Bridgman’s type® 
using paraffine oil as the pressure fluid. A 
part of the equipment is shown in Fig. 1. 
High pressure container A is made of non- | 
magnetic copper-beryllium alloy, 14mm in I 
outside diameter and 3 mm in inside diameter. | 
Specimen B was inserted in this container and 
sealed with a Bridgman’s type of packing. 
The measurements of magnetization were 
performed by the ballistic method. A search | 
coil C was wound around the pressure con- . 
tainer. The liquid in the container A was 
compressed by means of primary and trans- 
mitting pistons under the action of primary 
pressure, which was measured by using the 
Bouldon’s tube. The pressure in the container — 
was calculated from the ratio of cross-sectional 
areas of primary and transmitting pistons. In 
this case, it has to be taken into account that 
there are errors of a few percent because of 
the indirect measurement of pressure. In 
order to investigate the temperature depend- 
ence of magnetization, all of these were 
immersed in heat bath D. Temperature in 
the heat bath was measured with a thermo- | 
couple E placed outside the pressure container | 
and the specimen was kept at the same tem- | 
perature in each case of measurement for | 
more than 30 minutes. The magnetizing 
solenoid F can produce a sufficient uniform 
magnetic field within 0.1% for the specimens. 


§3. Results and Discussion 


In Figs. 2 and 3 are shown the magnetization 
curves of a specimen with a nickel concentra- 


25 x 10% 


Cw a5 iO. 15 
———$+H"(09) 


20 


Fig. 2. The curves of magnetization versus mag- 
netic field at various temperatures under normal 
pressure. (70Fe-30Ni alloy) 
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tion of 30% under a pressure of 1 as well as 
3000kg cm-’, . respectively, at various tem- 
peratures. Spontaneous magnetization was 
obtained by the extrapolation of the magnet- 
ization to H=0 after technical saturation. It 
was found that the magnetization was satu- 
rated nearly completely above the field 
strength of 1500 Oe for various temperatures. 
And the spontaneous magnetization versus 
temperature curves are shown in Fig.4. The 
Curie temperature at each pressure was ob- 
tained by plotting the square of magnetization 


O 5 (©, mals 25 xl0* 

Fig. 3. The curves of magnetization versus mag- 
netic field at various temperatures under 3000 kg 
cm-2, (70Fe-30Ni alloy) 
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Fig. 4. The curves of magnetization and square 
of magnetization versus temperature for 70Fe- 
30Ni alloy. 
magnetization @: under 1 kg cm~? 

a: under 3000 kg cm~? 

©: under lkgcm~? 
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square of ) 
under 3000 kg cm7: 


magnetization J 
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with the temperature as in Fig. 4. From 
these results the change of the Curie tem- 
perature with pressure for a specimen with 
a nickel concentration of 30% was found to 
be —3.10-* deg. kg-!cm?. A specimen with a 
nickel concentration of 32% was measured 
by the same procedure as above. The results 
of measurement are shown in Fig. 5. From 
these results, the change of the Curie tem- 
perature with pressure was found to be 
—2.7:10-'deg.kg-'cm?. The tendencies of 
the change of the Curie temperature due to 
pressure for the two alloys agreed with those 
of Patrick’s results. 


gauss 
x 10° 
7 
x10" 
6 25 
5} 20 
4\- 
- 
Ht a 
S 
10 
2 
| S) 
ny \\ | 
eo) q \ O 
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——+T (°C) 


Fig. 5. The curves of magnetization and square 
of magnetization versus temperature for 68Fe- 


32Ni alloy. 
magnetization @: under 1kgcm~? 
A: under 3200 kg cm~? 


square of \ ©: under lkgcm~-?2 
magnetization J A: under 3200 kg cm~? 


As to the origin of the pressure dependence 
of the Curie temperature mentioned here, the 
variation of the exchange interaction as well as 
that of saturation magnetization at absolute 
zero by the application of pressure should be 
considered, though the latter would not 
absolutely be independent of the former. 
However, the measurement of the pressure 
dependence of the saturation magnetization 
has scarcely been done, so that the effect of 


pressure® on the Curie temperature has 
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hitherto been discussed merely by taking the 
variation of exchange interaction into account. 
Recently the pressure dependence of the 
specific magnetization 1/c0-00./0P was esti- 
mated directly by Kondorskii®) for iron-nickel 
alloys. For an alloy with a nickel concentra- 
tion of 38% this author obtained a rather large 
value, —54-10-7kg-!cm?. So that the change 
of the Curie temperature caused by the second 
factor mentioned above should be taken into 
account. 

As for the pressure dependence of the 
saturation magnetization, the theoretical result 
by Smoluchowski*) can be applied: Let the 
saturation magnetizations per unit volume at 
a finite temperature and at absolute zero be 
denoted here by J and J respectively, and also 
Io be assumed to be given by 


h=npsgs , (1) 
where n is the number of magnetic atoms, 
ve the Bohr magneton, g Lande’s facter and 
yegs the average magnetic moment. And if 
the temperature dependence of the saturation 
magnetization at constant volume is repre- 
sented by a Brillouin function, then, by using 
a thermodynamical relation 


OV JOVI) 
oH «OP a 
the following equations are obtained: 
1 Oh a ee £00. . OL/OT )w 
Ih Ow 6 Ow (O1/0T).—1/T 
See yl (OL/OT)» 
T=TCHOT ~ \/ | Shae 
(3) 


or or 3a Ow 
(ar), (or) . Ga) ote 
P uy P 
These equations give the relation between the 
volume dependence of the saturation magneti- 
zation at absolute zero and that of the Curie 
temperature. Here w means the relative volume 
change 4V/V, « the volume compressibility 
and @ the linear thermal expansion coefficient. 
putting the observed values of the quantities 


on the right-hand side of equation (3), we 
obtained 


4) 


Here the observed values at 30°C under lkg 
cm™* were used; @*=1.1-10-deg-!., 1/e*= 


* Adopted from Kornetzki’s paper. See Per3s03 
in reference 4), 
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1.5:10°kgcm-?, 0w/0H*=2.3-10-§ Oe?%, I= 
605 gauss, (OJ/OT)p=—4.5 gauss deg”. 

As for the change of the Curie temperature 
due to pressure, the value from iso-volume 
I-T curves should be chosen, but taking into 
account the fact that the Curie temperature 
decreases lineally with pressure”, the isobar 
curve can be used instead of iso-volume curves. 
Hence, in order to obtain equation (4), the 
value 1/0-00/0o=11 from the isobar curve in 
Fig. 4 is used. 

From equation (4) the pressure dependence 
of the specific magnetization at absolute zero, 
1/00-000/0 P, was obtained as 


Ly 900 Sap bar oesen eas 


o OP oF 
According to Kondorskii’s result, 1/00-000/0P 
increases from —11-10-7 to —54-10-7 kg cm? 
as the nickel concentration decreases from 45 
to 38%, so that the present result shown in 
equation (5) may be reasonable. 

As for the variation of the molecular field 
coefficient N with the volume change, the 
following relation was used by Smoluchowski: 

Lt nO plipe00 the logeroie (6) 

Ow Io 670) , 


N 00 6 
Inserting the values obtained above for 


1/6-06/0w and 1/Io-0f/Ow into the equation (6), 
the result 


1 ONG 

Mare | eo 
2 

a aL i (8) 
NY" UB 


In this equation n would also be considered to 
be pressure dependent since for the proposed 
model due to Smoluchowski it is possible to 
assume that magnetic and non-magnetic atoms 
of nickel coexist. Such assumption was once 
proposed in the case of pure nickel, in which 
it was considered that different states of atoms 
e.g. atoms in singlet and triplet states coexist. 
By the application of pressure they would 
transform into each other, so that n may be 
changed. Therefore the result obtained above 
does not directly represent the dependence of 


exchange integral J on the interatomic dis- 
tance. 
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Magnetic Resonance in MnCO, 
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Magnetic resonance of the single crystal of MnCO; was investigated 


using microwave frequencies 9 to 36 kMc/sec. 


Parasaitic ferromagnetic 


resonance was observed at 4.2°K which can be explained by the theory 
of magnetic resonance developed for a-Fe,O3 by Motizuki and Pincus. 
The effective field Hpy due to the Dzyaloshinsky-Moriya interaction was 
obtained to be 3.7K Oe and the other resonanue constant YW 2H,H4’ to 
be 1.4 K Oe, where Hp is the exchange field and H,4’ the anisotropy field 


in the basal plane. 


Introductions 


aig 

Dzyaloshinsky” has pointed out that the 
parasitic ferromagnetism of a-Fe:O; and 
several other substances can be explained by 
assuming an anisotropic exchange interaction 


of the form DS: x Sz). Subsequently Moriya” 
has shown that such an exchange term can 
be derived by considering the spin-orbit coupl- 
ing in the superexchange mechanism and that 


the constant vector D contains spin-orbit 
coupling constant in the first order. 

Attempt to obtain the resonance formula 
containing such an anisotropy term has been 
made by Motizuki® and by Pincus”. They 
showed that the experimental results for a- 
Fe:O, obtained by Anderson et al®. and Ku- 
magai et al®. can be explained by introducing 
a new effective field Hnu due to the 
Dzyaloshinsky-Moriya interaction. Theoretical 
treatment of the magnetic resonance in a- 
Fe.O; was first made by Shimizu’, but he 
treated phenomenologically the weak ferro- 
magnetism which appears in a-Fe,O; without 


looking into the origin of the parasitic ferro- 
magnetism. Pincus pointed out that, beside 
the energy of spin canting due to the 
Dzyaloshinsky-Moriya interaction, a very smail 
anisotropy energy in the basal plane has an 
important effect on the frequency of the 
oscillation of the weak ferromagnetic moment 
in the basal plane and he showed that the 
frequency formula of this mode is given by 


2 
) =AHo(Ao+ Hou) +2Hn Hy’ ’ er) 


; 
where Mo, Hn, Ha’ and Hpw represent the 
external field, the exchange field, the ani- 
sotropy field in the c-plane, and the effective 
exchange field due to the DS: x S2) term, 
respectively. Eq. (1) is valid for magnetic 
fields applied in the c-plane. When the ex- 
ternal field is not in the c-plane, the following 
equation is to be used: 


(2) =H sin 0(Ay sin 0+ Homw)+2HnHa’ , (2) 
IF 


where @ is the angle between the c-axis and 
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the magnetic field. Using eqs. (1) and (2), 
the experimental results obtained by Anderson 
and Kumagai were satisfactorily explained by 
Pincus. 

It must be noted, however, that the existing 
experimental results on a-Fe:O; are not satis- 
factory to test the applicability of the theory 
developed by Motizuki and Pincus because of 
the following reason. The effective fields Hou 
and 1/2HnH, of a-Fe.Os; were determined 
as 1.310! and 4.110 Oe, respectively, but 
these large values mean that only a limited 
portion of eq. (1) could be verified by experi- 
ments which made use of the usual microwave 
frequencies and magnetic fields. In fact, the 
experimental points fall on an approximately 
linear portion corresponding to intermediate 
frequencies and fields. Perhaps one or two 
mm-waves may be necessary to observe the 
asymptotic part of eq. (1) for high field, which 
is not an easy matter with the present micro- 
wave techniques. 

Other than a-Fe:03;, however, there are 
several magnetic substances showing weak 
ferromagnetism. A few carbonate, such as 
CoCO; and MnCO; are known to be the 
typical examples. The magnetic properties of 
MnCO; indicate that eqs. (1) and (2) could be 
checked fully with the use of the usual micro- 
waves. 

The magnetic susceptibility of this crystal 
‘was measured by  Borivik-Romanov and 
Orlova®, who showed that below the Néel 
temperature Ty of 32°K the canted spins are 
in the basal c-plane. Recently neutron diffrac- 
tion study of the powdered specimen was 
performed by Pickart”. The induced moment 
due to Dzyaloshinsky-Moriya interaction was 
obtained as 0.242 from which we can infer 
that the effective field Hox may be small 
compared with that in a-Fe,0;. The purpose 
of this paper is to report the experimental 
result of the magnetic resonance observed in 
the natural single crystal of MnCO; at different 
temperatures and the analysis of the data 
‘Obtained. 


§2. Experimental Procedure 


The single crystal of MnCO; used in our 
experiment is a natural rhodochrosite obtained 
from Osarizawa Mine, Akita Prefecture, 
Japan, in Aipril 1955. The crystal structure 
of MnCO; is the well known calcite type, 
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having a rhomcohedral unit cell of a=5.84A 
and a—47°46’. The single crystal of MnCOs 
is very cleavable as calcite is 

Microwave frequencies used for our experi- 
ment are 9 to 36kMc/sec supplied from 
klystrons 2K25, 2K33, and 35V10. Usual 
transmission method was adopted. Low tem- 
perature cryostats are the same as_ those 
described in the preceding paper’. 


§3. Experimental Results 


Paramagnetic resonance was observed at 
room temperature in the whole frequency 
range. Part of the results are shown in Fig. 
1 and 2. It must be noted that there is a 
considerable angular dependence of the reso- 
nance line width which can not be explained 
by dipolar interaction and the usual exchange 
narrowing effect. Detailed calculation shows 
that the pure dipole width along the c-axis is 
larger than that found experimentally, which 
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Fig. 1. Resonance line shapes in paramagnetic 


MnCO; single crystal at room temperature (36.43 
kMc/sec). 


4H (KQ) 


Angle between c-axis and H 


Fig. 2. Angular dependence of resonance line 
width in paramagnetic MnCO, at 36.43 kMc/sec. 
Arrows show the calculated dipolar widths. 
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means that the usual exchange narrowing 
occurs for this case. On the other hand, the 
calculated dipolar width in the c-plane is 
smaller than that found by experiment which 
can not be explained by the current theory 
of line width. Line broadening due to the 
' anisotropic exchange interaction of the 
r DSi x S2) form might be important for this 

case. 


The g-value is isotropic and is 2.00+ 
0.01. 
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Fig. 3. Resonance line shapes in MnCO; single 
crystal at 4.2°K (22.34kMc/4ec). Angles show 
the declination from the c-aqis. 
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width in MnCO; at 4.2°K (22.34 kMc/sec). 


| The experimental results of the resonance 
| curves at 4.2°K are shown in Fig. 3. Con- 
siderable angular dependence was observed, 
which may be due to the parasitic ferromag- 
netism appeared in MnCO; below BK 
Observation of the angular dependence of the 
resonance line was also made and the results 
are shown in Fig. 4. The angular and the 
frequency dependences of the resonance points 
are shown in Fig. 5. In the c-plane no ani- 
sotropy was observed in accordance with the 
theoretical expectation of Motizuki and Pincus. 


Magnetic Resonance in MnCO; 
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The full lines drawn in Fig. 5 are the theore- 
tical curve due to eq. (2). The coincidence 
between theory and experiment is satisfactory. 

Now let us consider the resonance constants 
Hom and 2HsH.’. The frequency field dia- 
gram of the resonance points are shown in 
Fig. 6. The experimental points lie on the 
asymptotic line described by ow/y=H-+3.7/2, 


36.45 kMc/sec 


23.34 kMc/sec 


9,444 kiVic/sec 


1 | 1 1 1 1 1 a 
oe ° ° ° 


(H 1 c-axis) Angle between c-plane and H  (H/c-axis) 


Fig. 5. Angular and frequency dependence of 
resonance points in MnCO; at 4.2°K (H // c- 
plane). 
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Fig. 6. Frequency field diagram of the resonance 
points in MnCO; at 4.2°K. (H // c-plane). 


except for two resonance points belonging to 
the 9kMc/sec region. Thus we obtain the re- 
sonance constant Hp to be 3.7°K Oe. So far 
the resonance in the asymptotic line has not 
been observed in a-Fe.0;. Then we obtain 
the constant 2HiHu’ by satisfying two reso- 
nance points in the 9kMc/sec region. Thus 
2HnH4 =2.0 K Oe? was decided as being the 
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most favourable value. For comparison, the 
asymptotic line and the resonance curve of 
H.s=0 are shown in Fig. 6. The coincidence 
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A p-n junction was made by alloying indium on an n-type germanium 
pellet and it was put into an electrolyte solution of copper salt. When 
suitable reverse voltage was applied on the junction by a charged con- 
denser, copper shaded pattern was deposited on the opposite side of the 
alloyed surface in accordance with the density of the reverse current 
flowing through every part of the p-n junction. By this method, the 
breakdown at the imperfections of p-n junction due to the defects in the 
germanium crystal, those at the periphery of p-type recrystallized layer, 
and those inside p-n junction grown in alloying process were observed. 
Then, the cross section was made referring to the pattern, and several 
kinds of the imperfections of p-m junction were observed under microscope. 


§1. 


Previously, the author observed imperfect 
germanium p-2 junction under the microscope, 
and investigated the electrical characteristics 
of the alloyed f-n-p transistor with such im- 
perfect emitter junction”. At the same time, 
he assumed various types of imperfection of 


Introduction the p-m junction, and supposed that’an?m-n. | 


junction nearly 1» in diameter and making : 
imperfect rectifying contact with the germa- 
nium might be a kind of the imperfection and 
the large saturation current in the reverse 
direction flew through the part, or in some 
cases, the breakdown voltage of the junction 
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became strikingly low. If such small imper- 
fections exist, their finding will be extremely 
difficult even by the observation of cross 
section of the p-z junction with a microscope. 
So far relatively large imperfections of the 
p-m junction have been reported frequently 
but the relation-ship with the degradation of 
the electrical characteristics of the junction 
has not been clarified in most cases”’.*), Thus, 
for finding such defect, two-step procedure 
would become necessary: firstly to find its ap- 
proximate location from external and second- 
ly to examine that portion carefully. For the 
silicon p-z junction, it has been well known, 
from light emitting phenomenon at the part 
of the junction where breakdown occurs with 
reverse voltage applied, that breakdown easily 
occurs at the worked parts of the grown 
junction’), the indented part, the prominent 
lines of etch pits, the junction-periphery and 
the misfit boundary of the f-v junction made 
by impurity diffusion», and that wide area of 
junction emits light by internal field emission”. 
As for germanium, the light emitting pheno- 
menon was also reported but the correlation 
with the imperfections of p-” junction has not 
been clear”. It has been known that, when 
copper is deposited on a germanium surface 
electrolytically, shaded pattern of copper is 
developed according to the density of the 
current flowing through the part of the surface 
into the copper salt solution®.®. The conven- 
tional method using copper sulphate solution 
for this purpose, however, fails to developed 
plated pattern sharp enough to permit detection 
of fine imperfections of p-m junction. The 
author used the method improved by Toku- 
yama™ to get a sharp deposited pattern on 
on the opposite germanium surface correspond- 
ing to the density of reverse current which 
flows through the imperfection of the p-n 
junction. The purpose of this paper is to 
present such improved method of plating as 
well as the results of investigation of some 
imperfections of p-n junction which were de- 
tected using this method. 


§2. Method of Experiment 

A pt-m junction about 1mm in diameter was 
made by alloying indium at about 500°C on 
an n-type germanium pellet 60 to 100 thick 
and 2.52cm in resistivity. The germanium 
surface on that side alloyed with indium was 
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covered with shellac, and its p+ electrode was 
biased negative in adequated plating electro- 
lyte. The germanium surface not alloyed 
with indium was so placed as to face a 
platinum electrode which was bised positive. 
Between the electrodes a current was then 
caused to flow for electroplating on the n-type 
germanium surface. In this situation, it is 
expected that if any local imperfections exist 
within p-” junction, the current flow shoula 
be concentrated to those areas of the ger- 
manium . surface which correspond to the 
imperfections, resulting in the correspondingly 
shadded pattern of copper plating. The con- 
ventional method using copper sulphate solution 
for this purpose®):*, however, failed to get 
sharp plated pattern with high fidelity. The 
use of the plating solution of the following 
specification by Tokuyama” made it possible 
to get comparatively good results. 


20% solution of CuSo, 5% (volume) 


H:0: (30%) 5% (volume) 
HF (48%) 5% (volume) 


Deionized water 85% (volume) 


The plating in this solution by continuous 
current under constant voltage permitted to 
obtain some reproducible deposited pattern 
corresponding relatively large imperfections 
within p-” juntion. This plating method will 
be described “continuous current method” in 
report. However, this method was not satis- 
factory to reveal relatively small imperfections 
within p-m2 junction. The author could get 
sharp deposited pattern for this case with 
reproducibility and high fidelity by the follow- 
ing method’?. The circuit used is as shown 
in Fig. 1. First, a switch S: was operated to 
etch side, with another switch S2 closed, to 
bias the sample positive and the platinum 
electrode negative, thus the surface of -type 
germanium was cleaned by electrolytic etching. 
After this, the switch S: was operated to 
plating side, with the switch Sz opened, to 
allow a condenser C to be charged at a voltage 
of V. Next, Sz was closed, then at the initial 
instant a relatively large discharging current 
is caused by the condenser C but after dis- 
charging from C an only relatively small 
voltage is applied between the electrodes as 
the voltage V is lowered due to a series re- 
sistance R. This method!” is described “ pulse 
method” in this paper. The values actually 
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used by the author are; V: 3 to 100 volts, 
R: 500k2 and C: 2 uP. 

The value of V should be selected properly 
according to the properties of the sample, and 
for detection of the breakdown characteristic 
of each prat of p-m junction, it should be in- 
creased from a small values gradually. In 
this case, for developing the copper plating 
pattern for one value of V firstly and thereafter 
examining it with respect to another value of 
voltage, it is imperative that the deposited 
copper of the first time should be completely 
dissolved by the electrolytic etching prior to re- 
peating electroplating for another value of V, 
otherwise, being affected by the first plating, 


Etching io 


Gc. 


Nv ce 


dis 


AWS 
Plating 


Platinum Electrode 


Fig. 1. Plating circuit under pulse method. 


the deposited pattern in the second case may 
not perfectly develop. The time which was 
allowed for plating was adjusted properly in 
the range of 15 to 300 seconds as required for 
a completely developed deposited pattern to be 
seen with the eye. The sample to which 
copper locally deposited in this way observed 
on the surface alloyed with indium to examine 
the configuration of the portions around indium 
dots. Next, the alloyed indium dot was amal- 
gamated with mercury. This amalgam was 
then dissolved away with nitric acid so that 
recrystallized p-type germanium layer was 
exposed, and as needed, this p-type layer was 
further applied with chemical etching to permit 
the examination of the imperfections within 
recrystallized layer and also the finding of the 
relationship between the pattern of deposited 
copper on the opposite surface of germanium 
and the imperfections in the recrystallized 
layer. Finally, cross sections of those portions 
to which much copper was deposited were 
observed with a microscope to clarify through 
what imperfection in p-m junction an excess 
reverse current flew. 
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§3. Result of Experiment 


3.1 Plating Pattern Under Constant Voltage 
and Continuous Current 

For an ordinary p-m junction having relati- 
vely good reverse characteristics, it is fre- 
quently seen that a spot pattern develops 
relatively uniformly but at random on the 
surface of m-type germanium as shown in Fig. 
2, if the sample is applied with plating by 
continuous current at a relatively low voltage 
without the condenser C in Fig. 1. On the 
other hand, for a sample having relatively poor 
reverse characteristics in which location of the 
imperfection within p-z junction is unknown, 
sometimes no specific pattern develops as 
shown in Fig. 3(a) with the plating at a low 
voltage (3V in this example), though specific 
pattern may develop as shown in Fig. 3(b) if 
the plating is carried out at a higher voltage 
(26V in this example). Another example is 
shown in Fig. 4 for the sample with consider- 
ably poor reverse characteristics. (a) gives 
the plating pattern at 2V on a sample which 
was made by alloying indium to the indented 
part on the germanium surface. A semicircular 
black pattern on the right-hand side of the 
sample is not caused by the copper deposition 
but represents a stepped part shaded by the 
illumination at the periphery of the backside 
of indium dot electrolytically etched more 
deeply than other parts. (b) shows the plating 
pattern at 6V on a sample of imperfect p-n 
junction which was made by alloying thin 
indium layer on germanium as reported by 
the author previously”. The patterns in both 
figures, though not sharp, indicate that con- 
siderably clear imperfection exists within p-2 
junticon. Fig. 5 shows the plating pattern 
for a sample which has poor reverse charac- 
teristics but in which location of the imper- 
fection withoin p-7 junction is not known. (b) 
gives a photograph of the sample subjected to 
the electrolytic etching of (a). At first, no 
specific evidence of abnormality could be ob- 
served on the surface of u-tpye germanium, 
but after the removal of surface layer by 
electrolytic etching, imperfection of germani- 
um sigle crystal analogous in configuration to 
the semicircular deposited pattern has been 
revealed. 


3.2 Plating Pattern under Pulse Method 
A description that follows is of plating 


pattern developed under pulse method of Fig. | 


‘§ removed by etching. 


1960) 


etch pit 


copper__. 


Fig. 6 shows the reproducibility of the 


plating pattern obtained under pulse method 
m Fig. 1. 
alloying indium on an n-type germanium, but 
_the periphery of the p-n junction was not 
Of course, this sample 
permitted comparatively large reverse current 
and was not so good in its characteristics. 
shows the deposited pattern by this method 
where V in Fig. 1 is 100 V. 


The sample used was made by 


0.5cm 


Fig. 2. Copper plating pattern under constant 


voltage and continuous current for p-m junction 
with relatively good reverse characteristics. 


(b) 26V. 


(A) nw ouvac -—— 


0.2mm 


Fig. 3. Voltage dependence of copper plating 


pattern for sample with poor reverse charac- 
teristics in which location of imperfection is 


unknown. 


(a) (b) 


Fig. 4. Plating pattern for sample with relatively 


large imperfection within p-n junction. 
(a) Sample made by alloying indium on indented 
part of n-type germanium 


(b) Sample made by alloying thin indium layer 


on n-type germanium. 


(2) 


In this case, very 
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sharp pattern compared with Fig. 4 was de- 
veloped at those areas of the opposite surface 
which correspond to the periphery of p-n 
junction. (b) shows. the sample after copper 


(a) on (b) 


Fig. 5. Correspondence between copper plating 


pattern and imperfection of germanium bulk for 

sample with poor reverse characteristics but in 

which location of imperfection is unknown. 

(a) Sample applied with copper plating. 

(b) Sample applied with electrolytic etching 
after removal of copper deposit. 


QE ae) (c) 


Fig. 6. Reproducibility of copper plating pattern 


under pulse method. 

(a) First copper plating pattern. 

(b) After removal of copper by forward current. 
(c) Second copper plating pattern. 


p-type recrystalized germanium 


0.5 mm 


(a) (b) 


Fig. 7. Relationship between shapes of copper 


plating pattern on backside and periphery of 
p-n junction. 

(a) Plating pattern on backside surface. 

(b) Alloyed indium on front surface, 
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deposit had been completely dissolved by 
forward current. (c) shows the pattern which 
was resubjected to the pulse method. It is 
found that the reproducibility of the plating 
pattern is considerably high. From _ those 
figures, it was perceived that along the peri- 
phery of the alloyed junction there was an 
area with low breakdown voltage and on the 
backside of this area copper deposited in a 
ring form. The similar plating pattern has 
been obtained on many samples. A ring-formed 
plating pattern developed on the backside of 
n-type germanium under pulpse method (V of 
Fig. 1:100V) is shown in Fig. 7 in comparison 
with the results of observation of the same 
sample from the alloyed side. This sample 
permits relatively large flow of reverse current 
because the periphery of its p-m junction has 


(a) 


(b) 


0.2mm 
—_ 


Fig. 8. Correspondence between copper plating 
pattern and cross-section of sample not applied 
with electrolytic etching to the periphery of 
p-nm junction. 

(a) Cross-section. 
(b) Copper plating pattern on backside. 


(a) 


(b) 


Fig. 9. Correspondence between coper plating 
pattern and cross-section of sample applied with 
electrolytic etching to the periphery of p-n junc- 
tion. 

(a) Cross-section. 
(b) Copper plating pattern on backside. 
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not been removed by etching. As the photo- 
graph in (b) was printed out with the negative 
film turned over, the photograph in (a) showing > 
the backside and that in (b) showing the front | 
surface have the same sense. The periphery | 
of an exposed p-type recrystallized layer formd 

by indium overspreading'» in (b) is quite a-| 
nalogous in shape to the copper plating pattern | 


0.1mm 


as 


Fig. 10. 
nium bulk. 


Bar-shaped imperfection within germa- 


(b) 0.5mm 


Fig. 11. Correspondence between copper plating 
pattern and bar-shaped imperfection of bulk 
germanium. 


(a) Copper plating pattern on backside. 
(b) Front surface applied with chemical etching. 
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in (a), but it is also seen that the marked 
copper deposition is limited only to a part of 
the backside region corresponding to the ex- 
posed p-type layer. In Fig. 8, the results of 
comparative observation between the plating 
pattern by pulse method (V:100V) and 


(b) 0.5 inm 


Fig. 12. Corresponkence between copper plating 
Pattern on backside and scratch on front surface 
of germanium. 


(a) Copper plating plattern on backside. 
(b) Front surface applied with chemical etching. 


(a) 


(b) 


0.2cm 
— 


Fig. 13. Copper plating pattern caused by punch- 
through. 


(a) Cross-section. 
(b) Copper plating pattern on backside 


cross-section of junction are shown on the 
sample which permitted relatively large reverse 
current because of not being applied with 
electrolytic etching after alloying’ (a) shows 
cross-section of the junction, and (b) shows 
plating pattern on the portion at which the 


poezeerancserorerse| 


Fig. 14. Copper plating pattern for a sample with 
shot defect within p-n junction. 


0.6 


0.4 


Reverce current (mA/mm?) 


O 3) 1O 15- 
Reverce voltage (V) 


Fig. 15. Reverse voltage-current characteristics 
of p-n junction with badly poor properties. 


0.05 mm 


Fig. 16. Rod-shaped etching pattern on germanium 
pellet. 
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cross-section was taken. As seen from the 
cross-section of (a), copper deposited markedly 
on the backside corresponding to the exposed 
p-type recrystallized layer especially to such 
part that p-type germanium layer has over- 
spread and grown where germanium bulk did 
scarcely melt. It is apparent that non-uniform 
contacting area exists between the overspread 
p-type germanium layer and the base -type 
germanium at the right-hand end. Fig. 9 
shows an example of plating by pulse method 
(V of Fig. 1:100V) on the sample which was 
applied with the electrolytic etching to remove 
the periphery of alloyed dot”)'”. The sample 
was improved in characteristics to have more 
than 100V breakdown voltage. (a) shows the 
cross-section of sample, indicating that the 
periphery of the junction has been scooped out 
enough not to leave imperfect part as seen in 
Fig. 8. (b) shows the plating pattern on the 
backside surface. With respect to the part 
at which the cross-section was taken, (b) is 
aligned with (a). A double concentric black 
pattern at the periphery in (b) is not caused 
by the copper deposition but represents a 
stepped part which was formed by electrolytic 
etching to clean the germanium surface on 
the backside and is shaded by the illumination. 
Copper is deposited in spots approximately 
uniformly over the opposite surface of p-n 
junction indicating that breakdown has not 
occurred with 100V at any part of the whole 
p-n junction. The periphery of p-m junction 
is completely free from imperfection. This 
represents a typical case where imperfection 
of the periphery of p-m junction has been 
completely removed by the electrolytic etching. 
Needless to say, however, sometimes the im- 
perfection may remain partilly at the periphery 
after the electrolytic etching. Sometimes, a 
special etching pattern as shown in Fig. 10 
is observed on the surface of a germanium. 
Such a pattern extends from the front to the 
backside surface of the germanium pellet in 
some cases but does not in the other. Selecting 
a germanium pellet on one surface of which 
such special bar-shaped etching pattern exists 
but on the backside none appears, the author 
applied the alloying of indium on that surface 
which has the pattern. “This sample permitted 
a flow of extremely high reverse current. 
Fig. 11 shows photographs of a sample with 
the bar-shoped imperfection. The indium was 
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alloyed on the imperfection. It has been 
verified experimentally that such sample in 
general has badly poor reverse characteristics 
as described later. (a) shows the deposited 
pattern by pulse method (V in Fig. 1:100V) 
on the oposite side of the surface alloyed with 
indium. Marked copper plating pattern has 
developed at such a location as is slightly to 
the inside of the periphery of alloyed part 
and had no anomaly before alloying. (b) shows 
a condition of the recrystallized surface which 
appeared after the indium dot on the surface 
of the sample was removed as amalgam with 
mercury and the exposed p-type germanium 
was etched chemically with dilute CP-4. 
Printing of the photograph for (b) was made 
with the negative film turned over. From (b), 
it is seen that etch pits are prominently 
developed and dislocations are concentrated 
especially to those parts where copper deposi- 
tion is prominent in (a). Fig. 12 shows the 
the results of observation on sample was made 
by first giving a scratch in X shape with a 
diamond and then alloying indium thereto on 
a germanium pellet. This sample also is poor 
in characteristics because of its high reverse 
current. (a) shows pattern of copper plating 
(V:100V) to the oposite side of the surface 
alloyed with indium. Copper deposition is 
made on three of those places where the 
scratch intersects the periphery of the alloyed 
indium dot. but at the other place, no copper 
is deposited. Regarding to this place, it is 
seen from (b) that the scratch is very narrow 
compared with other three places. (b) shows 
the sample after the indium is removed with 
mercury and the exposed p-type layer was 
etched chemically with dilute CP-4. Printing 
of (b) was made with the negative film turned 
over. Immediately to the inside of two parts 
at which the scratches intersect the right-hand 
periphery, two groups of prominent etch pits 
are observed. Certainly, these positions may 
correspond to the positions on the backside 
at which copper was deposited. Fig. 13 shows 
a different kind of copper plating pattern. (b) 
in the same figure shows the plating pattern 
developed by the pulse method. It is featured 
particulary by a semicircular plating pattern 
located near the center, in addition to the ones 
along the periphery of the indium alloyed part. 
In (a), a cross-section photograph is given for 
the part corresponding to the cutaway part of 
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(b). Prominent copper deposition pattern at 
the periphery of indium dot on the left-hand 
in (b) corresponds to the p-type germanium 
recrystallized layer which was grown by over- 
spreading on the surface of germanium re- 
maining not fused into an indium melt and 
which made imperfect contact with the ger- 
manium bulk as mentioned earlier. Significance 
of the semicircular plating pattern in the center 
is that a slight deviation of the germanium 
pellet surface from (111) plane results in a 
small inclination of bottom of the p-type 
recrystallized layer in (a) to back surface of 
the germanium bulk, reducing the distance 
gradually to a minimum at the part where 
the semicircular plating pattern develops. In 
this case, the minium distance is about 13. 
It is belived that at the time of application 
of 100V pulse voltage the punch-through has 
occurred at this minimum-distance part and 
large current has flowed. Finally in Fig. 14 
is shown an example of copper plating pat- 
terns by pulse method found frequently to 
the samples which are still badly poor in re- 
verse characteristics after the removal of 
the periphery of alloyed part by electrolytic 
etching. It is seen that copper is markedly 
deposited to relatively small locallized area. 
Though copper deposition by pulse method in 
this figure is considerably sharp compared with 
the blurred one under constant voltage in Fig. 
4(b), it seems that the cause of both cases is 
the same. In Fig. 14, it is remarkable that 
no copper deposition appears at the part of 
etch pits produced by electrolytic etching. 
This fact is perceived also in Fig. 3, Fig. 12 
and Fig. 13. 


3.3 Relations between Copper Plating Pattern 
and Reverse Characteristics of p-2 Junc- 
tion 

- A p-n junction, which is made by alloying 

indium ona germanium pellet with a bar-shaped 

imperferction or scratch on the surface as 
shown in Fig. 11 and Fig. 12, has an extremely 
low breakdown voltage. As an example of 
this, result on a sample which has a scratch 
on one surface nearly as in Fig. 12 is shown 
in Fig. 15. A breakdown occurs at a very 
low voltage, and reverse current increases 
approximately owing to the the Ohm’s law 
nearly up to 8V. Beyond 8V, occurrence of 

a second breakdown is seen. (a) in Fig. 16 

shows a germanium pellet on which many 
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rod-shaped etching patterns are observed. A, 
B, C,-:---in the figure are the rod-shaped 
patterns. As seen from these examples, the 
rod-shaped patterns may be either imperfection 
involved previously in the germanium crystal 
or scratches incurred in working proceess. 


-300) -300 
2 aq 
3-200 200 
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-100 -l100 
J 
O J 
-100 -200 -300 -100 -200 -300 
Ve (V) Ve (V) 
(c) (b) 
Fig. 17. Comparison of reverse characteristics 


between p-n junctions made from germanium 
with and without rod-shaped etch patterns. 

(a) With rod-shaped pattern. 

(b) Without rod-shaped pattern. 


before etching 


Reverse current (A/mm?) 
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Reverse voltage (V) 
Fig. 18. Comparison of revers characteristics 


before and after removal of imperfections at 
periphery of p-m junction by electrolytic etching. 


Samples with and without these kinds of 
imperfection were selected each by fives and 
alloyed with indium to make the respective 
p-n junctions. The average reverse character- 
istics of each group of p-m junctions are as 
shown in Fig. 17. (a) is for samples with 
imperfections on the surface, and (b) for sam- 
ples without them. It is apparent that the 
former is lower in breakdown voltage, though 
not so low as in Fig. 15. Fig. 18 shows 
comparison of reverse characteristics between 
two cases: in one case, a Sample was as in 
Fig. 6, 7 and 8, not applied with etching and 
in the other, the same sample was applied 
with electrolytic etching enough to remove 
imperfections at the periphery of p-n junction 


2262 Masami 


nearly campletely. From these figures it is 
known that the sample which is poor in reverse 
characteristics before electrolytic etching is 
remarkably improved after etching. 


§4. Dicussion of Results 


4.1 Copper Plating Method 

As earlier mentioned, copper electrolyte in 
§2 permits revelation of imperfections of p-” 
junction with a good contrast as well as a 
comparatively good reproducibility. With this 
electrolyte, well contrasted plating pattern 
can be obtained under pulse method as shown 
in Fig. 1. Alternatively, if a copper plating 
is applied at a relatively low voltage V by 
the method above, an observation of the 
resulted pattern is made and after reversal of 
the current for dissolving the deposited copper, 
a second copper plating is applied at a higher 
voltage and if this process is repeated with 
the successively increased plating voltages, it 
is expected possible to see how breakdown is 
caused by the imperfections of p-m junction 
at the respective breakdown voltages. The 
details of this method will be reported by 
Tokuyama™). Fig. 4 and Fig. 5 show the 
samples containing in p-m junction small local- 
lized imperfections which break down at a 
very low voltage without utilization of pulse 
method or make non-rectifying contact. In 
Fig. 3, breakdown does not occur with 3V 
but does locally with 26V. In Fig. 7, Fig. 8, 
etc., breakdown occurs at relatively high 
voltage, but Fig. 9 indicates that breakdown 
never occurs with 100V. 


4.2 Relations Between Lattice Defect and 
Breakdown 

The patterns shown in Fig. 3 is probably due 
to the same cause as in Fig. 5, and the 
breakdown voltage in these cases is again 
relatively low. As seen from (b) of Fig. 5, 
the cause may consist in a special defect 
present in a germanium single crystal. This 
defect is considered to be probably a disloca- 
tion array due to the misfit at fine domain 
boundary which is produced as the single 
crystal grows out of a melt. With respect to 
the possibility of such locallized boundary 
being produced in the growing process of 
germanium single crystal, the author has had 
an experimental evidence. Bar-shaped defect 
in (b) of Fig. 11 as seen from the side alloyed 
with indium is an example of such defect shown 
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in Fig. 10 and is deemed not to be merely a} 
small angle grain boundary. This defect ex- i 
tends very short in the publling-up direction 
of the single crystal (that is, in the direction . 
perpendicular to the photograph). Based on the 
observation on a great number of germanium} 
single crystals, it is believed that the defect ; 
mentioned above is formed by a germanium 
melt which is locally included in the grown) 
crystal, as reported ina following paper to be 
published shortly®. When indium is alloyed} 
on such defect as seen from (b) of Fig. 11. 
copper deposition does not occur along the 
whole length of the defect at the alloyed part: 
but does only in that part corresponding toy 
the bottom of the pan-shaped recrystallized! 
layer. (b) makes it clear that many dislocations: 
crowd together in bar shape in the recrysta}-. 
lized germanium layer corresponding to thatif 
part where copper deposition occurs. Fig. 3) 
and Fig. 5 described above seem to show the 
similar phenomenon. As for the sample which 
is given a scratch with diamond on the ger- 
manium surface, the same phenomenon is¢ 
observed as shown in Fig. 12. The reason} 
why the bottom part of the p-m junction off 
Fig. 12 has not been affected at all is merely) 
that the depth of scratch is so small that att 
that part the scratch has completely fused] 
into an indium melt. On a side wall of thea 
pan-shaped recrystallized layer, this scratch) 
causes a crowded dislocation array to appeart 
in the recrystallized p-type layer as shown inj 
(b) of Fig. 12. At the part where the disloca-| 
tion array exists in the recrystallized layer, 
breakdown is liable to occur as clearly shown! 
in (a) of Fig. 12. Though badly low in shar-| 
pness because of low voltage and continuous¢ 
current, the plating pattern in (a) of Fig. 44 
has the same cause as in Fig. 12. The fact 
that copper has not deposited by pulse method} 
at the part where etch pits exist at randonw 
as described in 3.2 indicates that the break-| 
down voltage owing to these isolated disloca- 
tions is considerably high (refer to Fig. 3,] 
Fig. 12, Fig. 13, Fig. 14, etc.). The details 
of this will also be reported by Tokuyama”),| 
It is believed that the cause for the poor! 
reverse characteristics of p-m junctions de?! 
scribed above is such that when dislocations! 
crowd together across the p-v junction very) 
thin indium parts exist locally in the p-typeé 
recrystallized germanium layer and it comes 
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into direct contact with the n-type germanium, 
thereby shorting the p-n junction. This sup- 
Position may be supposed from a known fact 
that arsenic and antimony are liable to diffuse 
along the medium angle grain boundary of the 
ermanium single crystal. Examples in Fig. 
11 and Fig. 12 conespond to such case possibly 
and the reverse current owing to the Ohm’s 
law as shown in Fig. 15 is convincing from 
this supposition. Moreover, this will apply 
for some cases where relatively large reverse 
current flows at a voltage of 1 to 2V, resulting 
in the application of copper plating on the 
backside as shown in (a) of Fig. 4 and Fig. 5. 
‘The details well be reported by Tokuyama”. 
As for the cases in Fig. 3 and Fig. 17 where 
defect within germanium bulk causes the 
breakdown voltage to be lowered but the 
reverse current at low voltage is not so high, 
number of dislocations across the p-” junction 
is not so large as in the above-mentioned case 
and invasion of indium to the part of disloca- 
tions may not be remarkable, therefore the 
lowering of the breakdown voltage may be 
due to any other cause. In this case, the 
dislocation will not so crowd as in Fig. 11 
and Fig. 12 indeed, but dislocation array, 
namely, grain boundary surely exists. Con- 
version to p-type of such grain boundary is 
well known"). In this case p-type layer enters 
locally at p-n junction from p-type recrystallized 
layer into bulk germanium. Every part of the 
layer thus entered is not uniform but at some 
part a transition to the v-type through a weak 
. n-type from an extremely weak p-type may be 
“made. At such part, breakdown voltage may 
be lowered. As another cause for the lowered 
breakdown voltage, a deviation of the junction 
from a plane may also be considered*”. 


4.3 Breakdown at Periphery of p-m Junction 
- For a sample which is, as shown in Fig. 6, 
“not applied with etching after indium alloying, 
the periphery of p-7 junction is liable to break 
down. This is a well-known fact®.!?.19. In 
such part where the periphery of alloyed 
indium is out of true circle and takes an 
irregular shape, a larger number of weakpoints 
exists as clearly seen from the left-halves of 
_ photographs (a) and (b) of Fig. 7. Unlimited 
to these examples, such a tendency as men- 
tioned above has been verified by the author 
on many samples. A comparison between (a) 
and (b) of Fig. 8 indicates that the structure 


Direct Viewing of Imperfections in Germanium p-n Junction 


2263 


with low breakdown voltage exists at the end 
of thin p-type recrystallized layer which was 
extruded by the so-called overspreading from 
the indium dot in (a). The process of this over- 
spreading may be such that an indium melt 
nearly saturated with germanium in the heat- 
ing process of alloying decreases in viscosity 
at the maximum temperature which takes 
place in the final stage of the heating process, 
and it spreads to some extent over the bulk 
germanium hitherto exposed. In the sub- 
sequent cooling process, recrystallization of 
p-type germanium takes place on the ger- 
manium part covered with indium by over- 


spreading'». This recrystallized p-type ger- 
manium, however, is difficult to fit to the 
base germanium, because the germanium 


surface has not been wetted enough with 
indium melt obstructed by the oxide, etc. as 
a result of which there may be lattice defect 
due to misfit and other various defective 
structures between the base germanium and 
the recrystallized layer. As the surface tension 
of the indium melt increases in the cooling 
process of alloying, the part which spreads 
later recontracts partially and results in an 
exposed p-type recrystallized layer on the 
surface. Because of these defects at the 
periphery with overspreading structure, break- 
down may be liable to occur as reported in a 
separate paper!?”. To some extent, the im- 
perfection in the overspread end may be 
supposed from the right-hand end of Fig. 8(a). 
As seen from (a), of Fig. 9, breakdown at the 
periphery disappears if the imperfections of p-z 
junction periphery are compeletely removed. 


4.4 Punch-Through 

A semicircular plating pattern in the center 
of (b) of Fig. 13 is considered to be caused 
by a punch-through phenomenon as described 
in 3.2. For a p-m junction with highly doped 
p-type layer which was made by alloying 
indium on an m-type germanium pellet 2.52cm 
in resistivity, the thickness of the space charge 
layer when the p-v junction is applied with a 
voltage of 100V in the reverse direction is 
about 17 by the following equation’®: 


Ws=(2 «/q)'/*(V/Na)”? , 


where Ws, «, V and Na denote thickness of 
space charge layer, dielectric constant, voltage 
applied to the space charge layer and number 
of doner impurities in a unit volume of n-type 
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germanium, respectively. The thickness of 
the n-type germanium measured at the position 
where copper is deposited in semicircular shape 
is 13 4 based on the photograph in (a) of Fig. 
13. The possibility of punch-through occurring 
at this position is easily supposed. 
4.5 Other Cases 

For a sample which has badly poor reverse 
characteristics after complete removal of the 
imperfections at p-m junction periphery, it is 
sometimes seen that relatively small deposition 
of copper takes place at some places corre- 
sponding to the inside of the p-2 junction. 
This may be cause with little doubt by an 
m-n junction, that is, a small indium part 
left in the p-type recrystallized layer and 
coming into direct contact with the n-type 
germanium, as published by the author pre- 
viously”. In (b) of Fig. 4 showing a sample 
which was prepared by alloying thin indium 
layer to the n-type germanium as published 
by the author previously, the existence of 
such m-n junction at two parts may be shown 
by the plating pattern though blurred since 
pulse method is not used. This will be 
published in detail by Tokuyama'. 
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Microwave Spectrum of Formaldehyde 


I. K-type Doubling Spectra 


Takeshi OKA,* Hiromasa Hirakawa,' and Koichi SHIMODA 
Department of Physics, Faculty of Science, 
University of Tokyo, Tokyo, Japan 
(Received, July 2, 1960) 


Microwave spectral lines for the direct transitions between the K-type 
doublets were measured from 3kMc to 40kMc for H2CO and for its iso- 
topically substituted molecules HDCO, H:C#8O and HsCO!8. The observed 
spectra and the previously reported data for HxCO were analyzed by a 
digital computer by the use of Kivelson and Wilson’s method for the 
centrifugal distortion correction. 

The asymmetry parameter 6 and B-C were obtained for each isotopic 
species as follows: 


B-C (Mc/sec) b 
H2CO 4832.13--0.01 —0.0098370+0.0000010 
H2C#O 4595 .47+0.02 —0.0093205+0.0000010 
HCO A301. 080.02" Iya teentetels eek cee 
HDCO 5347 .774:0.04 —0.0161170+0.0000020 
D2CO 6097 .35+0.02 —0.0271170+0.0000020 


It was found that the observed frequencies fit well to those calculated 
from the centrifugal distortion constants which were derived by the 
vibration-rotation interaction theory. 


' §1. Introduction ral lines of H,CO, H,C18O and H;,CO'® down 


Formaldehyde is a planar, slightly asym- t° 2.8kMc using an S band wave guide cell. 
— metric top molecule with rather large electric Hirakawa, Oka and Shimoda synthesized 
, dipole moment (#=2.33 Debye). The direct deuterated samples and measured the K-type 
+ transitions between the K-type doublets pro- doubling lines for HDCO and D,CO from 
vide abundant and strong spectral lines all 2.8kMc to 20 kMc.®’ 
over the microwave region. These K-type doubling lines are so strong 

The K-type doubling lines of H,CO were that some of them were used for the maser 
first measured and assigned in the K-band experiments. **)409 
region by Sharbaugh and Bragg.’ Lawrance At this stage it is quite necessary to obtain 
and Strandberg extended the measurement accurate rotational constants and molecular 
from 7 to 72 kMc and analyzed the spectrum structure for the formaldehyde molecule. One 
by a semi-classical treatment of centrifugal of the difficulties in the analysis of the 
distortion.2® Though the rotational constants spectra is the rather large effects of the 
} obtained by them are quite reasonable, the centrifugal distortion. The treatment of the 
centrifugal distortion constants used in the centrifugal distortion has been reported by 
analysis can not be explained from the vibra- several authors.*)??,0m™eso%) — Hillger and 
tion-rotation theory. Strandberg” and Kivelson and Wilson™ pro- 

An extensive study for this molecule as posed independently a convenient approximate 
well as for the isotopically substituted mole- formula for the centrifugal distortion of K- 
cules has been carried out in this labora- type doubling lines. The more accurate 
tory .%)8»)80)34)4a)4)4e) Hirakawa, Miyahara and Kivelson and Wilson’s first order treatment 
Shimoda measured the K-type doubling spec- which was applied in the analysis of the 
; - spectra of SO, and O; was adopted in this 
Bt of Science, University of Tokyo, Tokyo, soar atoneete dovaeeEnae Lee nteO 
apan. 


+ Present address; Japan Atomic Energy Research from Kal to K=3.” But the centrifugal 
Institute, Ibaraki, Japan: distortion constants obtained by him can not 


* Present address; Department of Chemistry, 
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be explained by the vibration-rotation interac- 
tion theory either. 

In this report the reasonable centrifugal 
distortion constants calculated from the vibra- 
tion-rotation interaction theory have been 
used in the calculation. The discussions 
about the molecular structure and the calcula- 
tion of the vibration-rotation interaction 
quantities will appear in the second and the 
third part of this series, which will hereafter 
be referred to as II and III, respectively. 


§'2. Experimental 


a. Sample 

Well dried paraformaldehyde powder was 
heated slowly to evolve formaldehyde mono- 
mer. The spectra of H:C“O and H;CO* 
species were measured with their natural 
abundances. The deuterated formaldehyde 
monomer was evolved by heating deuterated 
calcium formate with a sand bath. The 
deuterated calcium formate was prepared by 
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Fig. 1-5. Observed K-type doubling lines vs. J 
The observers of the spectrum. 

Bragg and Sharbaugh (1). 

Lawrance and Strandberg (2a). 

Okaya: J. Phys. Soc. Japan 11, 249 (1956). 

Hirakawa, Miyahara and Shimoda (3a). 

Miyahara, unpublished. 
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the following procedure: 


distillation 
—_ 


(COOH), deuteration (COOD); 
DCOOD = ==4 CzADCOOs 


As the yield of formaldehyde monomer from 
the decomposition of calcium formate is not 


HDCO 
I53 


ae 
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oO 
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oO 
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— 
a 


° 
a 
fo) 


1960) 


high,® the formaldehyde was trapped by dry 
ice and was led to the sample cell. 

b. Spectrograph 

The microwave spectrometer used was of 
the conventional type with 100 kc sinusoidal 
Stark modulation. The klystrons which were 
} used to cover from 2.8kMc to 40kMc were 
fezsA, 2K22, 2K26, 7V40, 2K25, X-13, X-12, 
and 35V10. S, X, and K band wave guides 
| were used for the absorption cell. The 
| ultimate sensitivities for the spectrograph 
| using these cells were about 1x10-§cm", 
| 3x10-°cm-! and 2x10-", respectively. In 
| searching for the high J, K lines which were 
| very weak by the Boltzmann factor, the wave 
| guide was heated to increase the intensities 
' of the spectral lines. 
c. Observed Spectra 
| The observed K-type doubling lines are 
| shown in Figs. 1~5 and Tables II~VI with 
their calculated intensities. As the statistical 
} weight due to the nuclear spin is three times 
} larger for the K=odd states than for the 
| K=even states for H.CO, the spectral lines 
| for K=odd states are stronger. The situation 
/ is reversed in the case of D,CO. 


30000, Heco'® 
31 
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10000 
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The calculation of the intensity was done 
| by the use of the following formulas. 
| H.CO 

K_; even a@=795x 10-44? exp (— Erot/RT) 
ss odd a=2.39x10-1Av? exp (— Ero/kT) 
| HDCO a=2.35 x 10-!Ay® exp (—Evoi/kT) 
D,CO 

K_, even a=1.21x10-"Av? exp (— Exot/RT) 
me odd a=6.05x10-!44v? exp (— Eroi/kT) 


: ‘where 2 is a line strength and » is a frequen- 


mcy. 
The intensities for the spectral lines of 
H.C“O and H,CO'* were derived by multiply- 
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ing the corresponding lines of H.CO with the 
natural abundance ratios of C'* and O"%, re- 
spectively. 


§3. Centrifugal Distortion 


One of the difficulties in the analysis of 
the spectrum of such a light molecule as 
formaldehyde is the effect of centrifugal 
distortion. The rotational Hamiltonian derived 
from the vibration-rotation interaction theory 
can be written to the second order of approx- 
imation as follows.® 


>) TapysPaPePyPs 


a@,B,y,5 


(1) 


The first term is the rotational energy of 
the rotor averaged by the vibrational wave 
functions. The second term is the energy 
of the centrifugal distortion. The actual 
value for the coefficients tagys will be treated 
in III. It will be shown from symmetry 
consideration that many of these coefficients 
vanish. Fora planar molecule with Cs, sym- 
metry such as H.CO and D.CO, Eq. (1) can 
be reduced to the form 


1 1 
AHA=— PP, Paral 
9 ayaa et 


Has tawP2+—- ToaaaPa* 


pil Sl PPP eP 
4 aB 
+5 -TandPAPP + PEP) A ( 2 ) 


For a planar molecule with Cs symmetry such 
as HDCO, Eq. (1) becomes 


H=—> aoP a+ duh PaPe+ P.Pr) 
+4 SraieePat+ 2D Taupe Pa Pe? + Pe? Pa”) 
a a,B 


+a PetPi + PP et) 


+5 DS) tawpy( Pa? PePy + PyPePa*) 


@,B,Y 


(3) 


Fig. 6. 


In these formulas the z axis’ is taken as the 
C, axis of symmetry and the y axis is taken 
perpendicular to the molecular plane as 
shown in Fig. 6. 
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Eq. (3) shows that the principal axes of 
inertia fixed to the equilibrium position of 
the particles are no longer the principal axes 
due to the vibration-rotation interaction. 
When the in-plane rotation of the molecule- 
fixed x, z axes by an angle 0=o622/(¢22—¢zz) 1S 
carried out, the off-diagonal term quadratic 
in angular momentum operators is shown to 
be negligible to the second order of approxi- 
mation. The last term in Eq. (8) has no 
diagonal elements for the equilibrium asym- 
metric rotor wave function and its effect is 
of the fourth order. Thus Eq. (3) takes the 
same form as Eq. (2) to the second order of 
approximation. 

It is seen from the form of Eq. (2) that the 
rotational Hamiltonian accurate to the second 
order of approximation does not mix the 
Four group of the asymmetric rotor wave 
functions O*, E*. Thus for a low /, K levels 
Eq. (2) can be solved exactly. They are use- 
ful in discussing the low /, &K transitions. 

For high J, K levels the eigenvalues of the 
Eq. (2) can not easily be derived. Kivelson 
and Wilson devised a method to solve the 
problem by the first order perturbation theo- 
ry,™ that is, the last three terms in Eq. (2) 
are averaged by the asymmetric rotor wave 
functions which are derived from the first 
term of Eq. (2). This approximation is 
thought to be very good in the case of Cuy 
formaldehyde molecules because the second 
order perturbation which was neglected con- 
tains only the terms 


s [KJEOE cont | J ' Zi 
Ge Wix- Wy, ag 
with K’=K-+2 and K+4 for which the deno- 
minator will be very large. 
The energy is written as follows™ 
W= Wot Ai Wo? + Az WoJ(J+1)+ AsJ¢J+1" 
+ As] (J+1IKP2>+As Pe > + Ad P?> Wo (4) 
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where W, is the pure rotational energy and 
A,’s are related to the centrifugal distortion 
constants and rotational constants. <P,?> and 
<P,4> are the mean value of P? and P,4 re- 
spectively averaged by the asymmtric rotor 
wave functions. They are calculated by the 
method of continued fraction proposed by 
Kivelson and Wilson.® Among the seven 
centrifugal distortion constants appearing in 
Eq. (2), only four are independent in the 
case of a planar molecule because of the 
following relations 


4 C4 2Ct 
Tyyyy — B! Gar At Tzezest A2B?2 Txrxzz 
(Ge Oe 
Texyy = B? erase ale Az yt axzz ( 5 ) 
C2 2 
Tyyzz— A Cezee te B? Txnzz « 


Thus the total energy can be expressed by 
ten quantities: three rotational constants, 
four centrifugal distortion constants and the 
three rotational quantum numbers. From 
Eq. (4) and Eq. (5), the frequencies for the 
K-type doubling spectral lines can be derived 
as 


y=y+etRW (6) 
with r= Tenax and W= IiJ+ 1)4 W 
Tze22 ( Wut W,)4 WwW 
Cocew JIJ+VACP?) 
Tzaza ACP; oe 
A WKP2>y 


where 4 means the difference of the quantities 
in the upper state from that in the lower 
state and w denotes the eigenvalue w(b) in 
the rotational energy expression 


Wee Bee ( ae (). Co 


R is a matrix of four rows and five columns 
whose elements are derived after tedious 
calculations, and are listed in Table I. In the 
derivation of the RA matrix the relation 


Table I. The R matrix 

B+—Ct CX B+C) _ AC(B2+C) A2C2 CB+C) 

8b Bt 16.A2 B22 2B4 Bt 2b B? 

C4 (OE: C3 C2 C3 
8b At 16b2A4 2A2B B 2bA2B 

C4 _ CXB+C) C2(B2+2AC) 2AC2 CXB+2C) 
4b A2B? 8b2A43B 2AB? «BB ~ 2bAB? 

0 0 i Pete Ree ¢ 

2 B 2b 
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1/A+1/B=1/C was used. This relation is 
exact for the rotational constants appearing 
in Eq. (5) since they are equilibrium values, 
but only approximate for those in Bel, (GZ) 
The difference is of the second order and 
will be neglected in the present treatment. 
Less accurate formula for the K-type doubl- 
ing lines proposed by Hillger and Strandberg 
and that by Kivelson and Wilson were useful 
in the first crude determination of the mole- 
cular constants and centrifugal distortion cor- 
rection and is rewritten here.2»)®) 


yv=yi1+ TJ J+) K+ TXK—f(J+1) 
+7;K(K?+2)+ T,K(K—1)2K—1) 
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$4. Analysis of the Spectra 


K-type doubling lines were analyzed by 
Eqs. (6) and (8). First, a rough determination 
of A—(B+C)/2 and the asymmetry parameter 
b=(C—B)|(2A—B—C) was done by Eq. (8). 
Then the calculated values were refined by 
more precise calculation using Eq. (8). It 
was recognized that the dependences of the 
coefficients to be multiplied to trrex, Texez, and 
Tzzzz ON the rotational quantum numbers did 
not differ greatly from each other. By this 
fact it was given up to determine the cen- 
trifugal distortion constants from the observed 
spectra but rather it was tried to fit the 


+T;K(K?—1)] . (8) calculated frequencies to the observed ones. 
Table Il. Observed and calculated frequencies for the K-type 
doubling lines of HzCO (Mc/sec) 

Loo fo ek ee 
li =2.40 4829.73 4829 .73 —0.00 6.0x 10-6 
21 =7.71 14488 .68 14488 .65 —0.03 A) OS 
31 —16.98 28975 .14 28974 .85 =0229 8.0x10-> 
4, — 32.10 48284 .59 48284 .60 —0.01 1.6x10-4 
D1 —53.79 72409 .78 72409 . 35 —0.43 exsvee MO) 
62 —13.15 4954 .56 4954.76 0.20 ZO mee 
72 —25.07 8884 .54 8884 . 87 OFSS 3.0X10-§ 
82 —44 46 14726 .03 14726 .74 0.71 Ono x LORE 
9s —74.40 22964 .44 22965 .71 ILA ao s< =e 

102 —118.65 34098 .00 34100 .32 2eo2 eo ei 
ll, —181.96 48610.05 48612.70 2.65 lL Ome 
123 — 26.86 3226.14 3225.58 —0.56 HOA Ome 
133 —45.09 5137.38 5136.58 —0.80 Ici 
14; —72.87 7893 .04 7892.03 —1.01 2.6X 10-6 
153 —113.98 11754.41 JU farssa ies} —1.28 4.4x10-6 
163 —173.62 17028 .85 17027 .60 —1.25 CDOS 
173 — 258.04 24069 .48 24068 .31 —1.17 ipl 2 
183 —374.91 33270 .90 33270 .80 —0.10 1.6x10-5 
193 —533.29 45061 .67 45063. 10 1.43 Deak MOS 
204 —73.61 3520.79 3518.85 —1.94 4.3x10-8 
AA —111.83 5140.99 5138.57 —2.42 6.5x 10-8 
224 —166.73 7365 .59 7362 .60 —2.99 1.0x10-? 
234 —244 20 10369 .72 10366 .51 —3.21 1 See 
244 —351.77 14364 .05 14361 .54 —2.51 22010 
254 —498 .86 19597 .54 19595 .23 —2.31 Pref IOC 
264 —696.81 26359 .60 26358 . 82 —0.78 SUSI" 
274 —959 .56 34979 .97 34982 .80 2.83 4.31077 
284 —1303.11 45827 .55 45835 .58 8.03 4.9x1077 
315 — 371.20 7833 . 80 7833.20 —0.60 Weslo? 
325 —518.86 10607 .39 10608 .74 1B35 MASS COE 
335 —717.14 14207 .35 14211 .68 Al ois TO 108 
345 —981.56 18830 .62 18841 .20 10.58 2a Ome 
355 —1325.63 24713.35 24730 .40 17.05 2.4x10-8 
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with the smallest modification of the calculated Oesiteret ab patente ipo4 
centrifugal distortion constants. : a 
The procedure employed in the analysis of ie y helps nected 
the spectra was as follows: 2 
i) Rotational energy tables were prepared by eas Be BE el Ope 
the use of the continued fraction method, around J 4 
the probable values of the asymmetry parameters. iS 1 sa (9) 
The approximate value for the asymmetry parameter 3 2 (Conse t2txaxa—Tyyee) » 
was obtained from the King, Hainer and Cross’s : j r ; 
Papi ine low, Ratranditions.. Accurate, icalcula: with the calculated centrifugal distortion constants 
tions of eigenvalues were necessary because the and observed the frequencies. 


trasitions between K-type doublets correspond to 
4J=0 and 4K=0. The differences between the 
eigenvalues of the same J, K but the +and—matrices 
multiplied by a rather large quantity A —(B+C)/2 
are observed directly. It was seen that a complete 
linearlity existed when the step of the asymmetry 
parameter was less than 0.00001 and w(6) in Eq. (7) 
were calculated to ten figures. The digital para- 
metron computer PC-1 was used throughout. 

ii) B-C was calculated from the 1; and 2; lines 
by means of the exact formulas obtained by solv- 
ing Eq. (2) 


iii) Probable value of the asymmetry parameter 
which could be obtained by the approximate for- 
mula Eq. (8) was assumed, and the rotational con- 
stants were determined either by the R-branch 
frequencies if available or by the calculated inertia 
defect. 

iv) The elements of the & matrix and W vector 
in Eq. (6) were calculated by the digital computer 
PC-1 and the centrifugal distortion corrections were 
made by using the centrifugal distortion constants 
obtained from vibration-rotation theory. 

v) The calculated centrifugal distortion correc- 


Table II]. Observed and calculated frequencies for the K-type 
doubling lines of HDCO (Mc/sec) 

Transition © Aosrectioude dactednentep Miicrectoue Ertor gREatasiey tenet 
1h —1.50 5346.25 5346.64 Oro Oe lOme 
21 —5.08 16038 .12 16038 .06 —0.06 ANG Ome 
31 —11.89 32072 .57 32072 .56 —0.01 Sal Ones 
52 —7.16 4489 .07 4489 .08 0.01 5.3x10-6 
62 —15.29 8923.00 8922 .59 —0.41 IGP <)=© 
72 —29.73 15908 .43 15907 .38 —1.05 A-2><105* 
82 —58.52 26147 .54 26150.16 2.62 9.21055 

103 —16.95 3283.58 3283.09 —0.49 1.9x 10-8 
Ils —31.88 5703.39 5702.6 —0.79 4.6x10-6 
123 —56.96 9413.11 9412.51 —0.60 TOS OR 
133 —96.70 14873.61 14873 .02 —0.59 2010p 
14; —156.74 22626 .48 22624 .65 —1.83 3.0 10-5 
15s — 249.81 33271 .61 33274 .70 3.09 6.5 10m 
164 — 38.02 2947 .81 2946 .67 —1.14 Syateis< Mj 
174 —64.57 4715.49 4713.90 —1.59 12 lORe 
184 —106.37 7324.13 TPA SB —1.78 Die SNK 
194 —169.66 11076.78 11074 .30 —2.48 3.9 10-6 
204 —264.73 16345 .96 16343 .41 —2.55 6.5x 10-6 
214 —404.97 23578 .57 23578 .92 Oe25 LOG Ome> 
224 —602.28 33298 .85 SSa0SRLZ A Wall Loc lOee 
235 —91.69 3331 .97 3330.66 —1.31 1.4x10-7 
24; —144.93 5019.76 5018.25 —1.51 aoe Oia 
255 —224 .49 7419.07 7418.3 —0.77 337 X<10-7 
265 —341.13 10769 .98 10769.9 —0.08 Harwrgikat 
275 —508.94 15368 .91 15374 .56 5.65 S250 at 
285 —745 .92 21586 .70 21597 .0 10.30 IT 2el0se 
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tions were added to the rigid rotor frequencies and 
the discrepancy between the calculated and the ob- 
served frequencies was minimized by adjusting the 
asymmetry parameter and centrifugal distortion 
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constants. The minimization was done by putting 
larger weights on the low J, K transitions because 
the neglect of higher order quantities will affect 
high J, K levels more than low J, K levels. 


Table IV. Observed and calculated frequencies for the K-type 
doubling lines of DxCO (Mc/sec) 


nae Distortion Calculated Observed Calculated 
Tes FAO erection frequency frequency Error intensity (cm-}) 
li —1.23 6096.12 6096.10 —0.02 Seo OmS 
21 —4,.24 18287 .80 18287 .90 0.10 1.6x10-5 
3t —10.17 36567 .60 36567 .74 0.14 AV 21052 
45 —3.27 3687 .18 3687 .28 0.10 Ze DOs 
52 —9.54 8518.46 8519.10 0.64 LES Ome 
62 —20.76 16759.17 16759 .64 0.47 SyAcii=© 
72 —40.47 29435 .76 29436 .02 0.26 Wis ol Ome 
83 —8.69 2850.49 2850 .62 0.13 6.01077 
93 —18.44 5638 .02 5636 .98 —0.04 2.0 10-6 
10s —36.19 10305 .09 10304 .64 —0.45 5, p< 1058 
11s —66.56 17651 .80 17650.80 —1.00 1e2s< Ome 
12; —115.61 28597 .05 28596 . 74. —0.39 2.61075 
13.4 — 22.02 3080.35 3079.48 —1.13 Sram 
14, —41.24 5462.88 5461.54 —1.34 Belk Sele 
154 —73.82 9261.71 9259.88 —1.84 4.9x 10-6 
164 —126.78 15082 .06 15080 .34 —1.72 1.0x10-6 
174 —209.56 23674 .65 23672 .78 —1.77 1.9x10-6 
184 — 333.95 35917 .03 35916 .94 —0.09 S52510m 
Table V. Observed and calculated frequencies for the K-type 
doubling lines of H2C#2O (Mc/sec) 
ae we Distortion Calculated Observed r Calculated 
Transition hattectioa frequency frequency Error intensity (cm~!) 
li —2.35 4593.12 4593.26 0.14 6.5x10-8 
21 —7.54 13778 .85 13778 .86 0.01 sro Oma 
31 —16.57 27555 .68 21555 .13 0.05 9.0x10-7 
4; —31.30 45919.48 45920 .08 0.60 1.8x 10-6 
72 —22.78 8012.33 8012.56 Onze 34 108 
82 —40.39 IB BY 13287 .13 —0.24 (a5 10m 
9% —67.54 20736 .00 20736 .40 0.40 LAS Ou 
102 —107.73 30818 .37 30819.74 iL 2M Ihgeis< Ort 
153 —98.61 10064 .18 10063 .82 —0.36 5.0x 10-8 
163 —151.13 14592 .51 14592 .44 —0.07 8.0x10-8 
173 —223.36 20649 .78 20649. 30 —0.48 iLeesilOxs 
183 —324.77 28581 .72 28582 .40 0.68 8x10" 


Table VI. Observed and calculated frequencies for the K-type 
doubling lines of HCO! (Mc/sec) 


i i Calculated Observed E : Calculated 

Transition pe Fee frequency frequency see intensity (cm—!) 
il —2.24 4388.85 4388 .85 0.00 LEZ SOs 
Ss =—7.15 13165.85 13165. 84 —0.01 9.5x10-8 
‘ 26330 . 64 0.59 1.6x10-7 


31 —15.79 26331 .05 
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It was found that the observed frequencies 
could be made to fit well to the calculated 
ones by a small adjustment on Tezzx. The 
final results are shown in Table II~VI. It 
is seen that the agreement is quite satisfac- 
tory in spite of the neglect of higher order 
quantities in the vibration-rotation interaction 
theory and the approximate equilibrium struc- 
ture used in the calculation. 

The rotational constants and the centrifugal 
distortion constants adopted for the analysis 
of the spectra are listed in Tables VII. 


§5. Discussions 

In Table VIII, B—C, A—(B+C)/2, and b 
obtained for H,CO are compared with the 
previous values obtained by other workers. It 
will be seen that the difference between the 
Lawrance and Strandberg’s or Erlandsson’s 
data and the value obtained in the present 


Table VII. 


T. OKA, H. HIRAKAWA and K. SHIMODA 


(Viol Pate; 


work is beyond the experimental error. This 
is due to the difference in the estimation of 
the distortion corrections. For example, it is 
seen in Table II that the distortion correction 
in this paper for the 2, line of H;CO is 
—7.71Mc while theirs are —0.56Mc and 
—0.57Mc. As is seen from the Eq. (9) the 
centrifugal distortion correction for this fre- 
quency contains the term 3rz2x, which can 
not be so small as was adopted by them. 
It can be said that the centrifugal distortions 
are made fairly well by less accurate centrifu- 
gal distortion constants. This is the reason 
why it was given up to determine the centrifu- 
gal distortion constants from the frequencies 
by the least-squares method. The situation is 
quite different from the cases of SO, and Os. 
For these molecules the b-type transitions 
AJ=0 or +1 and 4K==+1 are observed and T,,2 
plays the most important role in determining 


Molecular constants used in the analysis of 


the observed spectral lines (Mc/sec) 


H2CO A—B+©_ 45610 425 err ee 
2 Cit = — LOI Sot 
B—C= 4832.13 +0.01 Gao Wek NOI 
B+C=72838.44 +0.10 Tazng= —3.2920 
b= —0.0098370+0.0000010 = (tax2e)erte= —0.40331 
HoC“O A B+! _ongso5 4.95 Txzex= —0.37283 
2 Tzz2zz2— —101 .833 
B—C=4595.47 +0.02 Cue = NR) 
b= —0.0093205 +0 .0000010 Txzn2 = —3.1622 
(Gaonanlcnic = —0.38084 
H2CO!8 B—C= 4391.08+0.02 
D2CO A— Ee aioo7 3h aims USN 
Y Tzzz22 — —25.4940 
B—C= 6097.35 +0.02 Txazz= 0.92728 
b=—0.027117+0.000002 Txzxe= —1.7808 
(toxme)ea ie — 0 . 31250 
HDCO a=B=© 165905 £10 ieee 127 0G 
D Tzz22 = —57.1865 
B—C=5347.77 +0.04 Txazz= 1.45748 
B+C= 64472.50+0.50 Tazz = —2.30378 
b= —0.016117+0.000002 (texrx)eate= —0.36106 
Table VII. Comparison with the previous data 
B—C(Me/sec) A-~ 42>" Mejsec) b 
Lawrance and Strandberg2a) 4829.7+0.3 245687 —0.009829 
Erlandsson™ 4829.7 245686 —0 009829 
This work 4832 .17+0.01 245610 —0.009837 


| 1960) 


the centrifugal distortion corrections.®®) The 
centrifugal distortion formula for a symmetric 
| top molecule can partly explain the correction 
i for these molecules, while in the case of K- 
type doubling spectrum, the centrifugal dis- 
( tortion correction itself is the result of the 
K-type doubling of <P.2> and <P). 

Many unassigned spectral lines have been 
observed. In the cases of HDCO and D,.CO, 
where the sample was evolved by heating the 
calcium formate, some of them are due to 
' the impurities evolved in the decomposition. 
|In the cases of HCO some of them were 
|ascribed to the spectral lines of methanol 
} which was produced in the decomposition of 
} para-formaldehyde. Other numerous lines may 
s be due to the vibrationally excited formal- 
'dehyde molecule. These lines will be meas- 
'ured hereafter by using a high temperature 
spectrograph. 
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Rotational constants for the isotopic formaldehyde molecules HzCO, 
H2C#80, H2CO18, HDCO and D2CO were determined from the parameters | 
used in the analysis of K-type doubling spectra and the frequencies of 
1o1<-Ooo transitions. In the cases of isotopic species for which the R-branch 
transitions were not measured, the calculated inertia defect was used in 
the determination of the rotational constants. 

From the rotational constants, the zero-point structure of formaldehyde 
molecule, r,, was determined by a new method taking into account the 
zero-point vibration-rotation interaction and electronic interaction. The 
following zero-point molecular structure was obtained; 

ro-H=1.1174+0.002 A 
J ACO=122°5! 3220’ 
rc=0=1.2063+0.002 A planar. 

All of the rotational constants calculated from these geometrical para- 
meters fit to the observed values within the experimental error. In con- 
trast to the previous researches, 7 HCO is much larger than 120°. It was 
also confirmed that the formaldehyde molecule is completely planar in 


the ground vibrational state. 


Introduction 


Si: 


Investigations on the structure of the formal- 
dehyde molecule have been worked out by 
several workers.0225) Jn 1934, Dieke and 
Kistiakowsky obtained two rotational con- 
stants from the analysis of the fine structure 
of ultraviolet spectrum.” Their values were 
accurate and agreed very well with the Law- 
rance and Strandberg’s values from micro- 
wave spectrum worked out 15 years later.” 
Since three independent quantities are neces- 
sary to determine the molecular structure of 
formaldehyde on the assumption of C., planar 
structure, Dieke and Kistiakowsky assumed 
ZHCH to be 110° and obtained C=O bond 
length to be 1.270A. Herzberg assumed C—H 
bond length in formaldehyde to be equal to 
the value in ethylene, that is, 1.071 A and 
obtained 7co=0=1.225A and ZHCH=123°26'.») 
Lawrance and Strandberg analyzed the micro- 
wave spectrum of H,CO and H.C2O and ob- 
tained ycan=1.12+0.01A, rc_o=1.21+0.01A and 
ZHCH=118°+1. In 1954 Davidson, Stoicheff 
and Bernstein studied the fine structure of the 
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vibration-rotation bands in infra-red and 
Raman spectra of HDCO and determined the¢ 
structure of formaldehyde molecule with 
several assumptions.®»» There is also an elec-§ 
tron diffraction study by Stevenson, Luvalleq 
and Schomaker which indicated the C=Q} 
distance to be 1.21-£0.01 A.» | 

By the use of the parameters from the ex-! 
tensive analysis of the H.CO, H.C“0, H,CO'8;! 
HDCO and D.CO in the first part of this 
series of reports on the microwave spectruny| 
of formaldehyde, the accurate determinatiom 
of molecular structure will be carried out in| 
the present paper. 


Usually the structure of a molecule is de: 
termined by fitting the calculated moments of! 
inertia obtained by assumed structural con: 
stants to the observed ones. The structure 
thus obtained is the effective 7) structure? 
But the observed moments of inertia by ne 
means give the exact inter-nuclear distanceg| 
because they are affected by the zero-point 
vibration-rotation and electronic interaction} 
The former effect is rather large in the case 
of light molecules such as formaldehyde anc 
cannot be neglected in the accurate structuraz 
determination. If spectral lines of the molecu? 


}| 1960) 


| structuralle in the vibrationally excited states 
j were observed sufficiently enough, this effect 
{ might be subtracted to give the equilibrium 
| 7%. structure. However this was impossible 
| in the case of formaldehyde, and it was tried 
to obtain the zero point structure denoted by 
| r., by subtracting from the observed moments 
of inertia the harmonic vibration-rotation 
| interactions terms. These harmonic terms 
can be calculated when the normal vibration 
calculation is complete, and will be discussed 
in the third part of this series. 

| The inertia defect is mainly due to these 
harmonic terms. Usually a molecule is said 
| to be planar when the inertia defect 4=J,.— 
Iyy—TIna is nearly equal to zero. But recently 
| Costain and Dowling suggested the two N-H 
| bonds in NH,CHO to be 7° and 12° out of 
plane of the molecule though the inertia 
defect is nearly equal to zero. Strictly 
| speaking, the planarity of a molecule can 
only be concluded after the calculation of the 
inertia defect. This was tested in the case 
of formaldehyde, and this molecule was actual- 
i ly shown to be planar. 

The second interaction due to the bonding 
‘electrons must also be considered. Since the 
? two z electrons protruding out of the piane 
I of molecule and the two lone-pair electrons 
- of oxygen atom are out of the C=O axis, the 
) effect of these electrons was not negligible in 
determining the internuclear distances. 


-§2. Rotational Constants 
The asymmetry parameter 
eu. C-—B 
2A—B—C 
/ and B—C have been obtained in I for H.CO, 
' H.C#O0, HDCO and D,.CO. Another quantity 
is necessary to determine the rotational con- 
_stants A, B, and C. The R-branch 1oi<-Ooo 
» transitions which have the frequencies B+C 
/ and appear in the millimeter wave region 
) have been observed for H,CO” and HDCO” 
as 72838.14 Mc and 64472.12 Mc, respectively, 
' and the rotational constants of these isotopic 
/ species can be determined accurately. The 
centrifugal distortion correction adopted for 
these lines were —0.30Mc and —0.38 Mc, re- 
spectively, which were calculated from the 
centrifugal distortion constants used in the 


analysis in I. ] 
For HCO and D,CO, the &-branch transi- 
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tions which would appear at 71027 Mc and 
58473 Mc respectively, could not be measured. 
The calculated inertia defect was used to 
determine the rotational constants for these 
species. From the values of A—C, B—C and 
calculated moments of inertia, the smallest 
rotational constant C can be determined as 


ei fea hp Sop maeEpa an 


The close agreement between the calculated 
and the observed inertia defect in the cases 
of H.CO and HDCO indicates that the rota- 
tional constants determined in this way are 
fairly accurate. But the probable errors for 
B and C are larger in this case than those 
determined from the F#-branch transition. 

In the case of H,CO'* for which only B—C 
was obtained owing to the weakness of the 
spectrum, the largest rotational constant A 
was assumed to be equal to that of H,CO. 
This assumption seems to be quite reasonable 
in view of the fact that A of H;CO and 
H.C!O are nearly equal. Thus the rotational 
constants and the effective moments of inertia 
for formaldehyde molecules were determined 
as listed in Table I. The observed inertia 
defects 0.0574amu A? for H.CO and 0.0679 
amu A? for HDCO are seen to agree very 
well with the calculated values 0.0561 and 


Table I. Rotational constants (in Mc/sec) and ef- 
fective moments of inertia (in amu A’) for 
formaldehyde molecules. 


Iaa= 1.79284+0.00020 


H:cCO A=282029 +25 
B= 38835.28+0.10 I) =13.01731+40.00005 
C= 34003.16£0.10 Ice =14.86718-40.00005 
4= 0.05739+0.00030 
HeC820 A=282038 +425 Ina= 1.7924 40.0002 
B= 37810.8342 Ip) =13.3700 +0.0007 
C= 33215.3642 Ic¢o=15.2198 +0.0010 
4*= 0.0574 +0.0010 
H.CO'8 A*=282029 +35 Iva= 1.7925 +0.0003 
B= 36906.12+5 In, =13.6978 +0.0020 
C= 32515.044£5 Ice =15.5476 +0.0025 
4*= 0.0573 £0.0010 
DCO A=141664 +20 Ina= 3.5685 +0.0006 
B= 32285.4 +10 Ip) =15.6582 +0.0060 
C= 26188.1 +10 Ice =19.3038 +0.0080 
A*=0.07721+0.0010 
HDCO A=198122 +25 Ina= 2.55161+0.0003 


Typ =14.48093 +0 .0004 
ce =17.10050+0.0006 
A= 0.06787+0.0013 


B= S490, TS 1. 
C= 92956273601. 


* Calculated or assumed values. 
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0.0674 amu A2, respectively. 
§ 3. Vibration-Rotation Interaction 

Usually the structure of a molecule is 
determined directly from the effective mo- 
ments of inertia obtained from the experi- 
ment. These structures are called zero point 
structure and are denoted by ™. However 
this is not correct because of the vibration- 
rotation and electronic interaction. For this 


ies HP li 


HO=ZS 


ee ? 
aa 
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reason the 7 structure may be called effective 
structure. Costain’) showed that the sub- | 
stituted bond length 7, devised by Kraitch- 
man® represent fairly well the equilibrium | 
bond length. In the following treatment the | 
molecular structure in the ground vibrational | 
state will be searched for. | 

As was shown by Nielsen!™, the rotational 
energy of a vibrating molecule is expressed 
as follows. 


h OR Ee —(Age— ae FOON =) 
+ Bite bz" To gee T, “dy He Tg 2 


OP = 


yds | tapysPePePyPs . 
@,B,Y,6 

Due to the perturbation Hamiltonian H®, 
the effective moments of inertia Uaa)err will 
differ from the equilibrium value [2. The 
terms in Eq. (2) can be interpreted as follows. 
The terms in H“ express the energy of the 
rotation of a molecule whose component 
atoms are at their equilibrium positions and 
are rotating with the molecule-fixed axes 
determined by the Eckart’s condition. The 
five terms in the perturbation H® are due 
to four kinds of effect. The first two which 
include the anharmonic potential constants 
Rsss and Ress) represent the variation in the 
rotational energy owing to the shift of the 
equilibrium position of the vibrating nuclei 
due to the anharmonicity of the potential. 
The third term represents the Coriolis inter- 
action. When the nuclei are vibrating about 
their equilibrium positions, the molecule does 
not rotate smoothly due to the Coriolis inter- 
action. Each nucleus vibrates back and forth 
about the molecule-fixed axes in a perpen- 
dicular direction to their intrinsic vibrational 
displacements. This situation can be under- 
stood if we consider a diatomic molecule 
vibrating in a stretching mode. Owing to 
the Coriolis interaction the nuclei vibrate in 


(Taa)ors= 10), — 


Ms” 


decry 
dont: $/ 


Os(Ws? ae Wr”) 


1 iE h Ress 
S (+>) ae Hoa 


C y+ 


(2). 


a 1 perpendicular direction to the internuclear 


axis fixed by the Eckart’s condition. This 
motion couples with other vibrations in the 
direction and when the vibrations are averaged | 
out, the rotational energy differs slightly from 
the original value and gives the third term. 
The fourth term represents the mean square | 
amplitude of vibration in the normal coordi- | 
nate expansion of the moment of inertia. The 
fifth term comes from the shift of the equi- | 
librium positions of nuclei due to the centri- | 
fugal distortion of the molecule. In the § 
present analysis the fifth term has been con- | 
sidered separately as shown in I and the | 
obtained moments of inertia includes the | 
effect of the first four terms. The first two | 
terms represent the real shift of the equilibrium | 
nuclear positions, while the latter two are only | 
the result of averaging over the vibrations. | 
From the above physical interpretation all | 
the harmonic vibration-rotation terms were 
subtracted from the effective moments of | 
inertia to obtain the zero point molecular | 
structure. 

It was shown that the effective moments | 
of inertia obtained from the rotational con- | 
stants are expressed as!) 


(aa) 4 yy ase 
st @s3/? 


As (aq) 3 
Ah a 5 Comgaplas 


s 


dsr oth 


(3) | 


with 
Coe CS? ) C3 . 


In deriving the above expression from Eq. 
(2), the relation 
aga, @D 
) was used.! The last term in Eq. (3) came 
i) from these centrifugal distortion terms which 
was reduced to quadratic form in angular 
momentum operators by the commutation 
relation. The harmonic terms in Eq. (3) was 
obtained by the calculation of the vibration- 
rotation interaction. 


=—4 3 oot +4.acge 


§4. Electronic Interaction 


_ Usually it is assumed in the calculation of 
the moments of inertia that all electrons are 
fixed at the positions of nuclei. This is not 
actually the case and in such a light mole- 
cule as formaldehyde which has a double 

} bond, this effect is by no means negligible. 

The effect of electrons in a molecule on 

i} the value of the moments of inertia has been 

/ considered by Johnson and Strandberg!”) and 

by Rosenblum, Nethercot and Townes!*) in 

the cases of H.CCO and CO, respectively. 

‘It was shown by Johnson and Strandberg that 

‘the rotational Hamiltonian, taking into ac- 

‘ count the motion of electrons, is written as 
Le 


Bia 5 SD Mg PPt 2? EB Ge 


where [/”] is the moments of inertia tensor 
_of nuclear system and [J/°] is the inertia tensor 
of the electrons about the nuclear axes. 
[/”+J°] is the usual inertia tensor calculated 
' on the assumption that the electrons are fixed 
- at the nuclei. The error introduced by as- 
.suming the nuclear axes to be the atomic 
"axes is negligibly small. Gi,’s in Eq. (4) are 
‘related to the g tensor of the rotational 
magnetic moments as 


4) en =8ij 

é 

_where gij are components of the familiar g 
tensor of the rotational magnetic moments 
and are measured by microwave Zeeman 
effect. In the case of a molecule with Cy 
“symmetry, the off-diagonal elements of J? 

tensor and g tensor vanish from the sym- 
metry. Even for the case of HDCO where 
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Cx» symmetry does not exist, the off-diagonal 
terms in these tensors can safely be neglected 
because they are of the second order quantity. 
Then from the Eq. (4) the variation of the 
moments of inertia 4/,, due to the electronic 
interaction can be written as 

Aly= oe Sit - (5 ) 
The same formula can be obtained by the 
extension of the formulation given by Rosen- 
blum et al for the case of a diatomic molecule 
to the case of an asymmetric rotor. ‘The 
neglect of >i miti they did is unnecessary. 


The value of g tensor for H,CO, HDCO, 


and D,CO have been obtained by Kondo et 
al and is listed in Table II.!” 


Table II. g-values of formaldehyde molecule.!# 


Molecules Jaa Joo Yee 

HCO 2.90+0.05 0.35+0.10 —0.02+0.10 
HDCO 2.00+0.05 0.32+0.10 0.02+0.10 
D2CO —1.46+0.05 —0.294+0.10 —0.02+0.10 


Johnson and Strandberg reported in their 
paper on H,CCO, that the largest of this 
correction was 4/,, which still was negligible. 
Since the data of Zeeman effect was absent 
for the molecule, they estimated ga, to be 
+0.48 by taking only the o bonding electrons 
in the C-H bond into acount. However this 
seems to be smaller than the actual value. As 
is seen from Table II, gaa of formaldehyde 
molecule is very large. The same situation 
exists in the case of CO molecule where gy» 
is also very large in view of the relatively large 
moment of inertia perpendicular to the CO 
axis. Both of them are interpreted by taking 
into account of the two z electrons on the 
CO bond and in the case of H:CO two lone- 
pair electrons on the oxygen atom.'” 


§5. Molecular Structure 


The zero-point moments of inertia and the 
effect of zero-point vibration and electronic 
interaction are listed in Table III. Since the 
rotational constants are more accurate for 
H.CO and HDCO than those for other isotopic 
species, it was not tried to make a least- 
squares-fit. The difference between the C—H 
bond and C—D bond was taken into account. 

First, H---H and D---D distances were 
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determined from the smallest moments of 
inertia of H.CO and D.CO. The CO distance 
was determined from several sets. 


H.CO, H.C**O------ 1.206;-£0.002 A 

BOOS daWGOPoscacc 1.201,+0.005 A 

H,CO, D.CO ------ 1.204,--0.001 A 
(C—H=C—D assumed) 


Table III]. Zero point moments of inertia (amu A?). 


Zero-point Riectronic Zero-point 


vibration : moment of inertia 
correction eusreatice obs. calc. 
Tag 0.02550 —0.00283 1.81517 — 
H2CO fe 0.05892 —0.00248 13.07375 —- 
Tee 0.02320 —0.00016 14.89022 14.88892 
Taga 0.02529 —0.00283 1.81490 1.81517 
H2C#O ie 0.05951 —0.00248 13.4270 -_— 
Ice 0.02360 —0.00016 15.2432 15.2422 
Taq, 0.02526 —0.00283 1.81493 1.81517 
H,CO}8 fe 0.06000 —0.00248 13.7553 13.7576 
Tee 0.02396 —0.00016 15.5714 15.5728 
Taa 9.03917 —0.00284 3.60483 —— 
D.CO if 0.06812 —0.00247 15.7239 —— 
Tee 0.02496 —0.00021 19.3286 19.3287 
Taq 0.03299 --0.00278 2.58151 2.5822 
HDCO fe 0.06392 —0.00252 14.5410 14.5447 
Ice 0.02439 —0.00019 17.1229 17.1269 
(<) + ‘ 
H 115°50/ +201, 
Co bil? 0.002 
1.2063 +0.002 
0 


Fig. 1. Molecular structure of formaldehyde. 


From these values the first set was adopted 
and C—H and C—D distances and HCO and 
DCO angles were taken as independent quanti- 
ties. The final molecular structure thus deter- 
mined is denoted by rv, and is shown in Fig. 
1. The moments of inertia calculated from 
these values are listed in Table III. The 
satisfactory agreement of the calculated values 
with the observed ones for all the moments 
of inertia shows that this molecule is com- 
pletely planar. For the purpose of comparison 
the effective molecular structure 7) which was 


Takeshi OKA 


- 


obtained from the effective moments of inertia 
with the neglect of the difference between 
C—H and C—D bonds, and the substituted 
molecular structure 7; obtained by the Cos- 
tain’s method are also listed in Table IV. It is 
seen that the values of bond distances decrease 
in the order 7,>70>7s. This is reasonable 
because the substituted bond length is nearer 
to the equilibrium value while the molecular 
structure obtained in this report is of the 
zero point value. 


Table IV. Molecular structure of formaldehyde | 
derived by different methods and different authors. 


: 
ro=0(A) ro—n(A) ZHCO- 


(Vol. 15)) 


} 


a | 
: 


This work (1z) 1.2063 1.117, 122°5° 

” (ro) 1.2051 1.1109 121°56" 

; (rs) 1.2042 1.101, 121°40"7 
Dieke and Kistiakowsky» 1.27 aalye 125°° ae 
Herzberg») ee E225 1.071* 118°178§ 
Stevenson et al2 (E.D.) 1.213 
Lawrance and 

Strandberg? (M.W.) 1.21 al, I 
Davidson et al5) (I.R.) IRA | E27 120°40! 


* assumed. 


Table V. Structure of CHO group in various 


compounds. 
ro=0(A) rco—u(A) ZHCO ¥i 
H:CO 1.2063 a a7; 122¢5) | 
CH:CHO® 1.216 1.114 118°36/ 
NH2CHO® = 1.193 1.102 122°58’ 
HFCO>) 1.190 1.093 120°40/ 
HCOOH?) 1.202 1.097 124°8/ 
HCOOCH3% 1.200 1.101 124°50/ 
HCCCHO®) 1.2150 1055 122°19/ 
a) R. B. Kilb, C. C. Lin and E. B. Wilson, Jraa 
J. Chem. Phys. 26 (1957) 1695. 
b) P. Favero, A. M. Mirri and J. G. Baker: Ja 
Chem. Phys. 31 (1959) 566. 
c) G.H. Kwei and R. F. Curl, Jr.: J. Chem. Phys. 


32 (1960) 1592(L). 
d) R. F. Curl, Jr.: J. Chem. Phys. 30 (1959) 1529, © 


e) C. C. Costain and J. R. Morton: J. Chem. Phys. 
31 (1959) 389. 


§6. Discussions 


The structure of formaldehyde molecule has ] 


been discussed by several authors. The struc- 


tures previously obtained are listed in Table: 
IV with the present values. It will be pointed. 


out that HCO angle is fairly larger than 120°. 


1960) 


HCO angles in other compounds possessing 
HCO group are listed in Table V. For most 
of them /HCO’s are larger than 120°C. 

Torkington explained the Herzberg’s value 
} where HCO angle is less than 120° consider- 
-Ing the HtCHO~ resonating structure.’ This 
explanation is not compatible with the pre- 
sent result. The Urey-Bradly type potential 
constants used by Miyazawa in the nor- 
‘mal vibration calculation of formaldehyde 
showed that the force between the two 
hydrogen atoms was negligible, and rather 
large van der Waals repulsive force exists 
between the non-bonded hydrogen and oxygen 
atoms.’?® This force will explain the fact 
that HCO angle in formaldehyde is larger 
than 120°. In ethylene molecule where also 
CCH angle is larger than 120°, the deviation 
from 120° is less than that of formaldehyde. 
(ZHCH=11.76+0.5°!”). This agrees with the 
result of normal vibration calculation in which 
the repulsive force between the non-bonded 
carbon and hydrogen atoms was shown to be 
smaller because of the larger interatomic 
separation. Recently the structure of ethylene 
/ was determined by Bartell and Bonham by 
means of electron diffraction study in which 
they reported the angle HCH to be 115.54 
-0.6°'®. The fact that CICO angle in phosgene 
molecure is 124.3° can also be explained from 
this point of view.'” 
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A phenomenological equation for a non-linear response to a _ time- 
dependent excitation is presented. The response function is expressed 
as a series of multiple integrals containing the excitation, where the first 
term corresponds to Boltzmann’s linear superposition term. The non- 
linearity of an excitation-response system can be characterized, according 
to our formulation, by higher order after-effect functions. Associated 
equations including Fourier representations and the inversion formulae are 
derived. The generalized Kramers-Kronig relations between the real and 
imaginary parts of Fourier transforms of higher order after-effect functions 
are also derived. Applications of the theory to sinusoidal and step 
function-like excitations, especially with exponential after-effect functions, 


are discussed in detail. 


Introduction 


Sails 

The phenomena of retarded non-linear re- 
sponses to time-dependent external excita- 
tions are commonly found in various fields 
of physics and engineering. Electric currents 
in some kinds of circuits manifest such non- 
linear characteristics. The other conspicuous 
examples are found in the viscoelasticity of 
high polymeric substance, especially in the 
deformation of filamentous or crystalline 
polymers.” 

The phenomenological theory of the station- 
ary linear response is well established on the ba- 
sis of Boltzmann’s superposition principle.” !” 
But the corresponding general treatment 
of the stationary non-linear response seems 
to be lacking, though Leaderman®, Burte 
and Halsey®, Sawaragi and Tokumaru® and 
other investigator proposed several specialized 
models in order to explain non-linear visco- 
elasticity phenomena. Yamamoto® and Se- 
gawa” discussed the non-linearity of visco- 
elasticity on the basis of a three-dimensional 
Maxwell or Voigt models. Recently Saito® 
suggested a possibility of generalization of 
Boltzmann’s equation up to higher order 
terms of excitations. 

On the other hand the non-linearity intro- 
duces also serious problems in the treatment 
of the automatic control where the linear 
response theory has usually been most ef- 
fectively applied.» The conventional describ- 
ing function method fails in treating the 
non-linear transients. 


In the following we derive a general ex- 
pression for the non-linear responses to time- 
dependent excitations. 


§2. Series Expansion of the Response Func- | 


tion 


We denote the excitation by a(t), and the | 
We will express | 


resulting response by é(f). 
by ¢n(t)(w=1, 2,---) a series of complete 
normalized orthogonal functions defined in 


{—c<t<-+oo}, and expand o(f) and e(t) by } 


means of ¢,(t): 


o(t)= 3 adit) , 
et) = S\ bidilt) . 
according to the definition of ¢,(t), by 
a=\" obit, 


o=\" e(t)Gi(t)dt , 


where ¢,(¢) means the complex conjugate of | 
Now we will make following assump- | 


b(t). 
tions. 
Assumption I. 
ceded by the response. (Causality) 
Assumption II. 


2280 


(1) 


(2) 


The expansion coefficients a; and b; are given, | 


(4) 5 


The excitation is not pre- 


Each of orthogonal ex- 
pansion coefficients b,’s of the response func- | 
tion e(¢), defined by Eq. (4), can be expanded 
in Taylor series of orthogonal expansion 
coefficient a,;’s of the excitation function o(t), 
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| defined by Eq. (3). (Convergence) 


TueEoreEmM I, Tf Assumptions I and II are satisfied in the excitation and the response, the 
} response function e(¢) can be expressed as either 


e(t)= |" otne, ty )dty+ i ‘i o(ty)o(te) Jolt, t1, t2)dt dts 


Se) 


| or 


+\" : | o(ts)o(te)o(ts) Jat, t1, te, te)dtidtedts+---, (5) 
=|" o(t—t1) Alt, t1)de, a \" o(t—ty)o(t—t2) Jolt, t1, t2)dt idee 
+| | o(t—t,)o(t—t2)o(t—ts) fat, 71, T2, Ta)dtidtsdts+-++ . C5 
| Here Ji(t, ti, te, +++, tn)’s or Jp(t,t1,T2,°*+,Tn)’S are characteristic after-effect function (or 


| weighting functions) of the excitation-response system, and they are restricted by the con- 
| dition: 


(Gatos kr) —O when any “>t, (6) 
Jr{E, 71, T2) ++ *,T)=0 when any 7% <0, (6') 


' Proor: As the response e(f) is completely determined once given the excitation o(t) in the 
range of —co<t<oco, each ); should be a unique function of the set of a,’s. Recalling here 
| Assumption II, we will expand each }; in Taylor series of a;’s: 


bila, Q2,°° -)=5,(0, 0, < -)+ = Tj) Gy i 15,40jQ4+ Sy 15,6 ,10jAx0,+ mat 9 ( 7) 
J=1 J,%=1 5,,t=1 


' where 

79° =[0bi/Oaj]a,=0 ; 

vi, c= 3[0°D,/000ax]a,;, a%=0 » (8) 
ran k, 1=¢10°D;/0a;0a,0ai|a,;, ak, ay=0 « 


| Substitution of Eqs. (7) and (3) into Eq. (2) leads, after interchanging the operations of 
integral and summation, to Eq. (5) with 


Kit, t=, B rsd) bAts) 
Jit, ti, t)= 3 Th eb OBES) (9) 


Hit, tr ta, t= Si head Olt Pt bulls) 


Jwkt, ts, to, «++, tr) means the weight factor for the simultaneous contributions from excitations 
at t:,t2,---,t to the response at ¢. Hence, in order to obey the law of causality (i.e. 
Assumption I), it should satisfy the condition (6). Changing the variables to t,=t—ty in 
Eqs. (5) and (6), we obtain Eqs. (5’) and (6’). (Q. E. D.) iis 

If we take account of Eqs. (6) or (6’), we can put upper limits of integrals in Eq. (5) or 
lower limits of integrals in Eq. (9’) equal to zero. 

Next we consider the stationary response system. 

Assumption III. If the response e(¢)=e,(t) occurs against the excitation o(t)=o.(t), the 
“response ¢(f)=e,(f—s) should occur against the excitation o(f)=0,(¢—s) for an arbitrary s. 


(Stationariness) 
Tueorem II. 
e(t) can be expressed as 


If Assumption III as well as Assumptions I and II are satisfied, the response 
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=|" (tented + |" |" o(t—t1)o(t—T2) Jo(t1, T2)dt,dT2 


—co .J —co 


+\" i iO ot ee APEC NOOe caer ienaaede ene (10) 


where 


Jit, te, yt) =O" When any 7m1<0. (11) 


Proor: The response e¢,(¢) to the excitation o,(¢) is, by Eq. (5’), written as 


ane ip PCa RCA ie [| teste) Feat yc cs 


+\" \" ip GG ee eG oe ete eee (12) 


Similarly the response for the excitation o,(t—s) is given by 


n f iE SAENGER OT ee ee 


= —co 


oe [" asx) VAG es | 


—co J —co 


+\" \" i gitd=s Sr del <5t7 20 (68S). Ce ae (13) 


According to Assumption III, the right-hand side of Eq. (13) should be equal to ¢,(¢—s), 
which is given from Eq. (12) by 


4 it —S =) iGs-s) rari +H i lé oi(t—s—t,)o(t—s—te) i(t—s, 11, t2)dtydr, 


a(t—s)=| 


aR ‘ - i o,(¢—s—t1)o,(t—s—t,)o,(t—s—t3) J;(t—s, T1, Te, T3)AT1AT ATs + Race (14) 


—oo J —oo ) — 


Comparing term by term in the right-hand sides of Eqs. (13) and (14), we get 


LETHE fiGas, toe 
H(t, t1, T2)= (ts, t1, Te) , (15) 
Js{t, T1, T2, T3)= Ja(t—S, T1, T2, Ts) , 


for arbitrary value of s. This means that J,, fr, js, --- should not depend on f?: 


Aé, t= ACs) , 
Jet, 71, T2)= [a(t1, Te) (16) 
Js(t, T1, T2, T3)=J(t1, T2, T3) . 


Substituting Eq. (16) to Eqs. (5’) and (6’) we get Eqs. (10) and (11). (Q. E. D.) 

Lower limits of integrals in Eq. (10) can be put equal to zero according to Eq. GAL. Ea 
(10) gives a general relation between the excitation and the response in a stationary response 
system. If we neglect all higher terms in Eq. (10) it reduces to the wellknown Boltzmann’s 
equation in the linear viscoelasticity. The higher order terms mean the multi-dimensional 
superposition of the simultaneous effect of excitations at past many instant. So Eq. (10) can 
be regarded as a natural generalization of Boltzmann’s Superposition principle, and the 
functions J, may be called the th order after-effect function (or weighting function), 

Further if we can assume the response to be odd with respect to the excitation, i.e., if 
the response —e(t) is to occur against the excitation —o(t), the even order terms in Eq. 
(10) vanish. 

By integrating Eq. (10) by parts, assuming o(—co)=0, we obtain 
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c= |" on Kiceddeet |” | 


o'(t—t,)o'(t—t2)Ko(t4, t2)dr dr, 


+| | o'(t—t)o'(t—t2)o'(t—ts)Ka(t1, Te, t3)dt dt odty-++ +> { (17) 


where 


IGG) = \" Sik. )de1! ’ 


Kt, =|" ‘i Jkt", Te! de2'de, , (18) 


—co 


Ti Tae ao We 3 
K3(t1, Te, =| | IEG, T2!, T3')dcs'dt,'dry!' . 
= — oo 


co |) —co 


| 
§3. Fourier Representation 
Hereafter we will deal only with the stationary response system. 
We will define the Fourier transforms a(), &(), /,(:), JX@1, 2), etc. by 


1 


DO ears 


|" o(tye-**dt , 


e(@) = Tar\. e(tje-*'dt ) 


—oo 


Ko=\" edetonde, (19) 


Jil, O2) = ale i JAC, tae Coma er dridc,, 


on 


Jor, 2, 3) = se | Ix, T2, T3)e— (4171 +497 gt+tw3T 3) dt,dt2dt;3 ul 
—oo J) —oo J —co 


Then, starting from Eq. (10) and making use of the relations 


\" B(t)e-'dt=1 , (20) 
ae e-otdn=A(L) , (20) 
D7ay Sees 


we get 
ao) =a(w)ftw)+|" | 


” G(en1)5(es) fe(o1, @2)9(@, +0,—w)do,der, 


te \" i ls G(o1)5(w2)5(s)Jx(r1, M2, 03)0(@, + @2+0;—0)do,do.dwo3;+--: . (21) 


—oo 


§4. Inversion Formulae 

So far we regarded the quantity o(¢) as the excitation and the quantity e(¢) as the 
response. But depending on experimental condition we may as well observe o(t) as the 
response to the given excitation e(t). For this case we need only to interchange o(t) and 
e(t) in the above treatment. To avoid the confusion we will denote by G,(t1, 72, +++,t) the 
nth order after-effect function in the response o(t) to the excitation e(f). Fourier transform 
G,, is defined similarly as Jn. The equations corresponding to Eqs. (10) and (21) are 


|" e(t—t, )e(t—t2)Ga(t1 , 72 )dtidt2 


=09:)/— 


“oe )" et—-enouede.+| 


+ i \" [i e(t—t, )e(t—t1)e(t—Ts)Ga(t1, T2, t3)dt\dt,dt3+ ai § (22) 
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6(w)=2(@)G,(@) + fe \" E()e(W2)Gs(o1, ©2)0(01 ++ o2—)do.dos 
ar |: \" i &(;)e(w2)6(@s)Gs(1, M2, @3)0(@, +. @2.+03—@)da,da.do3+ Hi eae (23) 


Substituting Eq. (23) into the right-hand side of Eq. (21), collecting the same order terms 
of @(w), and comparing the both sides, we obtain the following inversion formulae. 


G(o)=1/f() , 
G(r, O2)= — Jor, ws) kor) (@2) fil@s +2) , (24) 


g =| j. 2 Pieoggcon lobes.) 
Gin my w=] Hors oe a0)-+ ia SED 


cyclic 


+ fi(wi Jilor) Jilos) f(r +a@.+@s3) . 


§5. Kramers-Kroning relations 
We will separate the real and imaginary parts of Ini, @2, ***,@n) defined by Eq. (19) 
as follows: 
Ilr, SAS On) =JIn!(O1, ee) On)—tJn! (Ws, re x) On) : (25) 


Then, as is well-known, /;’/ and j,/’ are connected each other by the Kramers-Kronig 
relations!*"!»: 


aa eh (26) 
j(o=—2 pl PLO) do! 27) 
T (O40 


where & means to take Cauchy’s principal value of integral. Taking account of the sym- 
metry character of J,’ and /j,’’ we can either express the relations as 


j= P\" ES ao’, (28) 
j@=—< A\ A) Go . (29) 


These relations can be regarded as the consequences of the causality assumption, which 
postulates that the after-effect function j,(r) has non-vanishing values only in the me 
0<r. The situation is just similar for higher order functions J2(@1, w2), Js(w1, 2, @3), -++ as 
for j\(w), the causality being expressed by Eq. (11). Thus it will be possible to one aren 
the Kramers-Kronig relations to those higher order functions. 


Now we begin with Jke@x, w2). Referring to Eq. (19) and also to the causality relations 
(11) we can express /j,’ and /j,’’ as 


(MCS vel. |, Joltry 72) Cos (yr, barges desdes , (30) 
Few, os)= rer\\. J kees eaisinbenpetea peat (31) 
or 
Je!\(@1, ©2)= Je @1, ©2)— Jes(@1, 2) , (32) 
Jal", 02)= Jol @1, O2)+ Jo 1 2) , (33) 


where 
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Tec, = = =, | J2{T1, T2) COS HiT, COS Wet edt 1dr , 


(34) 
ed Oy; = Te on ie le Jlt1, T2) SiN wT, COS w,t,dT dt. ,.. ete, - 


We apply the inverse Fourier transformation to Jx(t1,72) appearing in the integrand in the 
right-hand side of Eq. (32). Then 


= 1 ie Se co 
yp fs 
Js Sy ps e) he 3 | Jse(@1', 2!) Sin @,'T1! COS W2/T2! COS W1T, COS Wot .da,'da»! dr drs 
0 
1 py Nee 2 ate ees : p 
wi oe a sos) Jos(o1’, @2') COS 4't1! Sin we'T2! SiN wT; SiN Wet2do,'dw»'dt,dt> . (35) 
0 0 


Integrating with respect to tr; and rt, we get 


qT! =. il 2 y eZ o,! 
Je (w,, leas il A\ Tsar, eR 
sari ay a\o (w,! 1 Gul 26 
aa ae eage s wwe wi 51 earch gt Oy. (36) 
By the symmetry characters of Jee and Jos 
/ 
Ji(@:, =e AVI Tso! > 01) ag ae 
toe A\ Iolo! ane Pa (36") 


and also by the symmetry we can easily verify 


= Pel / W1 jens 
ar zs <a)" Isha : 04) a ae da,'=0, 
(37) 
il A (een @,' 
oe on P| Shor’, Oi) in oie 
- Adding Eqs. (36’) and (37) we get 
Jef(or, = A\ IJ Je!(@r, kat a ipataapson : (38) 


Since j2/(:, @2) should be a symmetric function with respect to @, and , we have also the 
relation 


Je'(o1, soe A\ Jo!"(o1, 2) iG , do,! . (38’) 
7 —oo Ome 2, 


In the similar manner we can derive the inverse relation 


BS ec A\" SJi'(r, 03!) > —do,/ te phar 
7 ee 


—oo (OP) 


5 eo 1 
fou, o:)=—= A\ WE COnS 2) ; 


OT =O 


It is easy, though tedious, to extend the above treatment to higher order functions. 
Thus we get the generalized Kramers-Kronig relations 


r 1 he / _— Lh 
Ini'(@r, °°" n=— PF Ilr, «97, 8's * +7, On) spe EO da;! , (40) 


—co 


= Car 1 
Ti@, *; = 2 A\" ho. oD) rae 2 aera . (41) 


2286 Osamu NAKADA (Vol. 15, 


It is seen that Eqs. (38)-(41) as well as Eqs. (27) and (28) have just the similar forms 
which are known as Hilbert transforms in the theory of complex variable.” Though we 
derived the generalized Kramers-Kronig relations according to an elementary method, we | 
may either prove them directly from the regularity of the complex function Il@iy 25 ad i 
in the right half plane of each z.1!-'® H 

It should be noted that the relations corresponding to Eqs. (25) and (26) do not hold for © 
Jn(@1, +++, @n) for n>1. In fact, Eqs. (25) and (26) are equivalent to Eqs. (27) and (28) only 
as the consequence of the fact that /;/(w) and j,/’(w) are odd and even functions of @ re- 
spectively while J’ or J!’ for m >1 are neither odd nor even functions with respect to each 
of w,’s does not hold for higher order functions with respect to each independent «. 


§6. Applications 


Z) Sinusoidal excitation 
When the excitation is given by 


o(t)=0) cos at , (42) 


the resulting response ¢(f) is calculated by substitution of Eq. (25) to Eq. (10) as follows: 
e(t)=o,| A, cos wt + Az sin wt]+o,?[B, cos 2ot +B; sin 2ot+ Bs] ) 
+o °[C, cos 3Ht+C, sin 30t+C; cos ot +C, sin wt]+--: , (43) 
where 


Ai=h'(), 
A.=h'"o) , 


Bat Ilo, ), 
B=y/™ jlo, @) ? 
Bi=1/% jlo, -0), (44) 
CO=F ho, o, o) ? 


=F hio, o, o) ) 


‘Co, o, —w) ? 


Sa 


3 Js!"(o, o, —@) . 


C= 


The energy dissipation per one cycle Q is calculated as 


im de 
= | 6de= | UG dt= | 5) COS wt[woo(— A; sin wt + A> cos wf) 
one cycle one cycle 


one cycle 
+200,>(—B, sin 2ot+ B; cos 2wt)+3wo%(— C; sin 3ot + C, cos 3ot ' 
—C; sin wt +C, cos wt)|dt=7(6.?A2+305'C2) . (45) | 


ii) Step function-like excitation e(t)=ooKi(t)+ 00° Kalt, t)+o0°Kalt,t,t)+-+-. (47) | 
a) One step excitation , : 


Mincn we subsiiic This case corresponds to the creep process | 


: in the viscoelasticity phenomena. Then Ky} 
~ { ; co ; (46) mean the ith order creep function. 

One = rahee 
Ne 0 ’ b) Two steps excitation 
into Eq. (10) we get For the two steps excitation 


Oh; PAO 
c= V6, O=7<7z; (48) 
O61 +02, lat. 
we obtain 
et)=0,Ki(t)+ o2.Ki(t—t,)+o2K,(t, t) 

+20102K2(t, t—t1)+0?Ko(t—t, t—t,) 

+o°K3(, t, t)+3012o,K3(t, t, t—t,) 

+36,6:°K3(t, t—t1, t—t1) 

+o5K,(t—t,, t—t,, t—t,) . (49) 


If we put o,=—o,=o, in Eq. (49), we obtain 
a recovery process following a creep, 
e(t)=0, Ki (t)— oki (t—h) +0? Kal, t) 
—20,*Kolt, t—t,) +0? Ko(t—t, t—t,) 
+°Kilt, t, t)-300°Kelt, t, tt) 
+36°K3(t, t—t,, t—t1) 
—o6)°K3(t—t, t—t,, f—t))+---. (50) 
Subtracting Eq. (50) from Eq. (47) and putting 
t—t,=s, we get the recovery function e,(s): 
€r(S)=doKi(S)+200?Ko(s+A4t, s)—o.?K.(s, s) 

+36 ?K3(s+4t, s+, s) 

—30,°K3(s+A4t, s, s)+0)3K3(s, s, s)--- , (51) 
where 4t=f,. In the case of an odd re- 
sponse Eq. (51) reduces to 

&,(S) = Ky (S)+ 6° Ka(S, S, S) 
+[30.7{K3(s+4t, s+4f, s) 
—K;(s+4t, s,s)}]+---. 


(52) 


| §7. After-effect Functions 


According to the treatment hitherto made, 
the non-linearity of an excitation-response 
system is characterized by the higher order 
after-effect functions jz, Jz, :-- just as much 
as the linear response is characterized by the 
first order after-effect function j;. So the 
experimental determination of the higher 
order after-effect functions becomes an im- 
portant problem in order to describe the non- 
linear character in a compact way. Though 
a number of methods, rigorous or approxi- 
mate, for the determination of j; have been 
proposed, the rigorous determination of the 
higher order functions seems to be rather 
troublesome, unless some limitations for their 
functional forms are introduced. 

As the most simple and convenient approxi- 
mation for J, the exponential function is 
commonly used. Generalizing this approxi- 
mation to the higher order function we will 
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tentatively assume 
Sii)=Rye-7V/7 , 
IKCx Ge) oem T2@-72/T2 : (53) 


Js(T1, T2, Ts) =ge-7/ P3¢-72/ T3g-73/T3 
Then the following responses result for the 
sinusoidal and step function-like excitation. 


i) Sinusoidal excitation 
_ When the excitation is given by Eq. (42), 
Ji’, Ji’, Je’, +++ etc. in Eq. (44) are calculated 
as 
A:=kh, T,/A+*T,?) ’ 
A,=khoT?/1+0?T,) ? 
B,=k2T?1—w?T,?)/201 + 0?T,2) , 
B,=k.wT,3/(1+?T,?) , 
B,=k,T,?/1+0°?T,?) , 
C,=k3T33(1—30?T3?)/4(1 + wT 3?) , 
C,=k3T3°(30 T3—w T3*)/4(1. +o? T3?)? , 
C3=3k3T33/4(14+ w?T3?) , 
Cy=3h,0T34/4(1+ w?T,?)? . 
11) One step excitation 
For the one step excitation (Eq. (29)), the 
integrated after-effect functions Ki, Kz, K3:-- 
are given by 


KQO=kh fide") 
Kitt, t)=k, T?21 —e-"/72)2 ‘ 
K,(t, t, )=ksTs*?d—e-“/73)8 . 


(94) 


(95) 


$8. Discussion 


We derived the formula (10) starting from 
three assumptions of causality, convergence 
and stationariness. Among them the assump- 
tion of causality is self-evident and will be 
needless to discuss about it. The assumption 
of stationariness is needed for the after-effect 
functions to be independent on the absolute 
time. The formula (5) without the assump- 
tion of stationariness is more general than 
Eq. (10), but will be less convenient in actual 
applications. The assumption of the con- 
vergence of the series (7) will be the most 
essential in our formulation. It takes place 
of the assumption of the superposition in the 
linear theory of Boltzmann. Though it is 
much less stringent than the superposition 
assumption, it will still restrict severely the 
applicability of the theory. The existence of 
the subharmonic mode in the non-linear vi- 
bration, for instance, can not be proved by 
our treatment it will possibly correspond to 
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a certain singular point of the function 
Bi(G1, G2, °**). 

Finally we will mention a property of the 
recovery function. In the recovery function 
(35) in an antisymmetric response, the terms 
in [ ] mean the deviation of the recovery 
function from the creep function. The ab- 
solute value of K,; will monotonically in- 
crease, with the increase of parameters, so 
that if K; is positive definite the deviation 
will be also positive and if Kz is negative 
the deviation will also be negative. This 
property is confirmed partly, at least, by 
Leaderman’s experiments on non-linear creep 
and recovery of rubbers.” 

Our theory is also applicable to an ana- 
lytical treatment of non-linear automatic 
feedback control system, on which we shall 
discuss in a later report. 
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Theory of Electrochemical Diodes 


By Isao OSHIDA 
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Kokubunzt, Tokyo 
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The electric behaviour of electrochemical diodes, consisting of a pair 
of indifferent electrodes immersed in an electrolytic solution being cap- 
able of reversible oxidation-reduction, was investigated theoretically. The 
general current-voltage relation was obtained by solving the differential 
equation of diffusion of ions with the proper boundary conditions. The 
non-ohmic property, the shunting effect for rapidly changing voltage and 
the rectifying action were deduced. 


§ Introduction. ric circuits have appeared. Thus electrochemi- 


cal diodes”), transistors®, switches”, and so 
on have been devised. In this paper, the 
electric behaviours of the electrochemical 


Accompanied with the recent advance in 
the field of electronics, some attempts to use 
the element with electrolytic solution in elect- 
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diodes were ded uced theoretic ally on the 
ground of the equation of diffusion of ions. 
Similar treatment has appeared in the theory 
of polarography”. However, in the case of 
polarography, the dimensions of the electro- 
des are extremely different, one being a small 
drop of mercury and the other a comparative- 
ly large unpolarizable electrode, and in the 
theoretical approach the latter is regarded 
as an infinitely large electrode at infinity. 
In the case of the electro-chemical diodes or 
triodes, such a treatment is not allowed. 
Mainly concerning a pair of similar electrodes, 
the equation of ionic diffusion could be solved. 
The general current-voltage behaviour was 
- deduced, which shows the nonohmic saturation 
property and the shunting effect for rapidly 
changing voltage. The case of dissimilar 
electrodes was considered for those having 
cylindrical symmetry, which proved to show 
the rectifying character. 


§2. Comparison of Ionic Diffusion and Trans- 
lation. 


An electrochemical diode with a pair of 
parallel-plate electrodes is the easiest for 
theoretical treatment, if the distance between 
the electrodes is so small that the convection 

of the solution is suppressed and that the 
end-effect can be neglected. Such a condition 
is realized, for example, by the clearance of 
a few tenths of a millimeter or less for the 
- electrodes of ordinary dimension of a few 
centimeters. In such a narrow space, the 
diffusion of ion always surpasses the trans- 
lational motion. On application of Einstein’s 
formula for Brownian motion for the diffu- 
sion of ion, 

Rr 

a5 

where D and 2 are the coefficent of diffusion 
and the distance between the electrodes, 
respectively, the mean time interval rt, neces- 
sary for an ion to go across the gap A can 
be estimated. On the other hand, if the 
electric field F exists between the electrodes, 
the time necessary for an ion to translate 
from an electrode to the other is 

ee 

eaqiediet 


where B is the mobility of the ion. Jie geek 
the ion travels from one electrode to the 


T4 


T 2 
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other mainly by translation before the diffu- 
sion takes place in a sensible degree. On the 
other hand, when 7,<r2, an ion travels be- 
tween the electrodes chiefly by diffusion. 
When 

tp" 

BE 

the both effects become to be of the same 
magnitude. If we put tentative values 
D=10 cin?. sec’, B=5<10-* cm, volt) 
sec! and F=1 volt. cm“, 24» becomes 0.4mm. 
Then it may be said that for a far smaller 
gap 4 the diffusion predominates over the 
translation. This is the case which will be 
studied in the following. 


A=hn= 


§ 3. A Parallel-Plate Diode. The Fundamental 
Equation. 


A pair of electrodes, parallel conductive 
plates, are immersed in an electrolytic solu- 
tion executing oxidation and reduction com- 
pletely reversibly. It is assumed that the ex- 
change of electrons at the electrodes is very 
rapid and can be considered to be instan- 
taneous. In practice, an aqueous solution of 
iodine and potassium iodide is used, in which 
the iodide ions I- and triiodide ions I;- com- 
posed of I, and I- are present. At the cathode, 
a reducing reaction 

I;-+2e—31- 
takes place, while at the anode an oxidizing 
reaction 

31-—2e-],- 
occurs. 

Here the more general cases are consider- 
ed, in which the reduced species R and the 
oxidized species O can be transformed into 
one from the other by the exchange of a 
electrons: 

O+ne-R 

R—ne-O 
Interesting properties are observed only when 
the concentration of one of the molecular 
species, the reduced or the oxidized, is very 
small compared to the other. So 

Co<Cr (1) 
is assumed, where Cg and Co are the con- 
centrations of the reduced and the oxidized 
species respectively. The conclusions obtain- 
ed are to be used also for the contrary case 
such as CrXCo mutatis mutandis. 
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The diffusions of the both ionic species 
obey the equations 


0Cx_ 


OC 
Ot 4 ae Ce) 


respectively. Dz and Do are the coefficients 
of diffusion of both species and x is the co- 
ordinate. The cathode and the anode are 
located at x=0 and x=L, respectively, and 
accordingly L is the interval of the both 
electrodes. 

There are two differential equations of 
second order, and accordingly there should 
be four boundary conditions. In the first 
place, there is no generation or cancellation 
of matter at the electrodes, 


OCR 0Co 
D = 3) 
(7 * Ne Do( an _=0, Ga) 
OCR 0Co 
Dal — =U, 3b 
r( Ox jin i. « Ox A \ ) 
Secondly the anodic current, 
= nPAD(S?) = ~ nPADi(%*) , (4a) 
Ox 2=L Ox x=L 
and the cathodic current, 
i=nFADA( 5”) = —nFAD,(%") , (4b) 
Ox 2=0 Ox 2=0 


must be equal owing to the conservation of 
electric charge. Here Fis Faraday’s constant 


and A the area of the electrode. From (4a) 
and (4b), we have 
0Co OC) _ 
( Ox le aes iS a oe 
‘OCR OCnY A 
( Ox ne Ge a. a ty 


(3a), (3b), (5a) and (5b) furnish only three 
boundary conditions, not four, because these 
equations are not independent of each other 
but one of them can be derived from the 
other three. The last condition is obtainable 
from Nernst’s formula connecting the electrode 
potential E and the concentration C. Apply- 
ing Nernst’s equation to the both electrodes, 
we have 


RT, foCo(0, B) 
De FCs, fee 
By tnig BT py doColla De canary 


WE vn Fp Ligh) ns 
where E° means the standard electrode po- 
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tential of the redox system, FR the gas const- 
ant, 7 absolute temperature, and fx and fo 
the activity coefficients of the reduced and © 
the oxidized forms in the solution respec- 
tively. Since the difference E,-;,—Ez=. should | 
be equal to the voltage V applied between © 
the two electrodes, we get 


sy lade ane t) i foCo(0, aS Vex 


Facul, ) ateca Ou) 
or, assuming for the sake of simplicity 
fo a hy 
Co(L, t) | Co(0, t) ee 7 
Cr(L, t)/ CxO, £) no SR al Rete (i 


Besides these boundary conditions, there are 
the initial conditions: 


Ce=G.? (8a) 
Ca=Co° (8b) 
where Cx° and Co°® denote the initial stoi- 


chiometric concentration of the reduced and 
the oxidized ionic species respectively. 
Introducing the assumption 


Dap=Do=D (9) 
to make the problem easy to handle, (3a) and 


(3b) become 
OCn\ (Coy _ 
( Ox jase Ox )_=0 
OCa) | (8G) _ 
( Ox (pera Ox )_,=9 
respectively. 
§4. The Steady State. 
For steady state under a constant potential 


(10a) 


(10b) 


V, OC/Ot=0 and, from (2a) and (2b), Cr and 

Co should be linear function of x; 
Cr=Arx+Br (11a) 
Co= Aox-- Bo (11b) 


The initial conditions (8a) and (8b) are 
unnecessary in this case, but in place of them 
there should be the other conditions that the 
stoichiometric total amounts of the reduced 
and the oxidized species must be conserved 
as a whole after the steady state is build up. 
These conditions are 


\" Cade=CL (12a) 
0 


and 


L 
| Cod =Co'L (12b) 
0 
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where Cp° and C>° are the initial stoichometric 
concentrations of the both species respective- 
ly. The four constants Ar, Br, Ao and Bo 
in (lla) and (11b) are determined by the four 
conditions (7), (10a), (i2a) and (12b), thereby 
(Sa), (5b) and (10b) are satisfied automatic- 
ally. 

The equation determining the coefficient 
Ao is 


Co®+ Co° nEV Co®Cr°® 
aa ass 
Ao L coth Sor Agee 7: =0 (13) 
which leads to 
Co°+ CR? nkV 
A= 
O or, coth> Tr 


NIK 


A Co°CR® nk V 

-| 1-41 —————tanh? ‘ 
[2={1 Garcon der} | 9 
The lower sign should be chosen, because 
V=0 corresponds to the homogeneous con- 


centration A=0. 
Taking into consideration that 


Co°< CR? (15) 
and ignoring the small terms higher than 
the second power of Co°/Cr®, we obtain 


~ Coe nEV 
IE, ae eran Chas 


Then the concentration of the oxidized species 
is given by 


Cox 


Ao= (16) 


nhV 1 nEV 

= —— AAT 
Co 7, tan lege Oe ( Se Nieers) (17) 
The expression of the current 7 versus voltage 
V can be obtained from substitution of (17) 


in (4a) or (4b), that is 


(1 )e=0 =(Coyec Deas Co= Co®— Cs = coo(S eas 


y satisfies also the equation of diffusion 
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_2nFADoCo° nEV 
ey aes tanh ORT * 


This is shown in Fig. 1, the dimensionless 
voltage V/V, being taken as the abscissa, 
where V,)=2RT/nF, and the dimensionless 
current 2/7) as the ordinate, 7 being ~FADo 
<Co/L: 


(18) 


=i i as le 
20) 20 9-5 ELO=05 . : } d 25 


ictal 


§5. The Indicial Admittance. 


In this section, the case of suddenly ap- 
plied constant voltage; 


V=0 if 7<0, 
V=YV, (constant) if ¢>0, (19) 
is studied. In this case, it is convenient to 


consider the deviation in the concentration 
from that of the steady state given by (17). 
Thus the quantity 


T= Co — @ (20) 
is introduced, where Co represents the steady- 


state Co given by (17). For this 7, the bound- 
ary conditions are 


(r)e-0=(71)2=2=0, (21) 
and the initial condition 
% \ neV 
— nh 22 
Lo eri (ee 
2 
ms e» 


To solve (23) under the conditions (21) and (22) is the typical problem occurring in the 


theory of heat conduction®. The result is 


10d Vs Sie 


s=1 S 


_ Cot 
r= a tanh ORT 


and accordingly 


Co=Co?+Co° tan h 


WEN Me, a cb ol ( csoper m8 
seal een mCP remiss L SUR 


2 pnd 
xp —) : sin , (24) 
4s’? Dt 287% 
; De 
nF], 9 
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from which the current 7 is obtainable as a function of V and ?, thus 


__ nFADoCo!_,.., nEV : As’n® Dt | | 
‘fae tanh For: [1 +2d}exr(— L ) ; oe | 


Since the infinite series in the brackets is known as Jacobi’s theta function, (26) can be 
written as 


. NnFADoCo°® nkV 471Dt ) | 
— —— = tanh : reer cay) 
d L OE s(0 Le on 
Introducing the quantities 
47Dt 
say ae (28) 
FADC)° FV 
ates eae tanh ara 3 (29) | 
the equation (27) can be written as 
i=i983(0 | 1&)=to[1+2 »s exp (aac are je (30) 
Applying Jacobi’s imaginary transformation 
viahd a = vri ps sondal 
9v|2)= exp (— -) )-a(2 a =) 
to (30); we obtain 
i rls 
3 UO = } 
j= Sel 1423, exp(—s mi)|, GY Al 
which is convenient for small ¢. The cur- 
rent-time relation calculated from (30) and a 
(31) is shown in Fig. 2. Ab 
$6. The General Time-dependent Voltage. 
| 
Now the most general case in which the | 
applied voltage V is any function /(Z) time, 1 wt L 
) 0.5 .0 15 € 
WV=(0) stk BRO, } 
; (32) Fig. 2. 
V=/Pak e 9; 
is considered. If V were a constant, the concentrations at the electrodes would be 
1 nEV 
C)env=C i ae: ) 
(C)r=0=Co{ 1 9 anh ORT)? ig 
(C)ear=Co°( 1 zs 5 tanh a 
Since V is a function of time, we may put 
Co? nE f(t) _ 
oy tanh pr © g(t) > (34) 
and 
C—C,°=¢@ (35) 


and then the problem is reduced to finding the solution of 


assumed that 


the rectifying character appears as shown in as 
‘tthe following. 
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0p _, &e 
Gin aha (36) 


which satisfies the time-dependent boundary conditions 


¢=0 all over, if ¢<0, 
(%)e-0= —g(t), if t>0. 
(Oe = 20), 


| ‘The solution is, after the case of heat conduction, 


ODER 2a? ‘ é 
o=— Are Sexp( 4s°x? Dt ) sin 255 | g(a) exp (ASPEN 


ibe si; 1B: 
7 _ 4xDCo° = 4s°x? Dt a SBOE 4s°7?D2 nF f(A) 
= iz ee xp(— ZL ) sin 7. |,exp( LE \tanh OE ORT ——— A. (37) 
| “The corresponding current is 
va 8nnFAD*Co 4s°nx®Dt \¢* As?n® DA nEf(2) 
i(t) = SUE FAP Co Ss exp(—""F,)| exp (Gripes Henhat ee eee ai, (38) 


which gives the current for any change in voltage f(t). For example, the linearly increas- 
ing voltage with a constant rate k 


fQH=kt , (39) 
leads to the current 
°° t 
i= io tan h Bkt+2Bk > exp (— ps*t) | exp (ps?A) sec h? peda | ; (40) 
S=1 0 
| «where 
nEADoCo 
Se aa Ale 
rh 
nk el 
B=oRT ‘ 
4r?D oF 
4 
"The current-time relation (40) is shown in 
Fig. 3, which is written for io=1, B=1, R=1 5 \ 
and p=1. The sudden rise of the current is 
| observed; the transient phenomena means P 
' that the diode has the shunting effect for high 
frequency input signals. 
§7. Co-axial Cylindrical Electrodes. lL ! , , 4 : poh 


To study the case in which the sizes of the 


two electrodes are very different, the co-axial Fig. 3. 


cylindrical electrodes, the cathode at r=a and 


the anode at r=b, are considered. If it is The equations of diffusion referred to the 
cylindrical coordinates, in which the concentra- 


(41) tions are the functions of 7 only, are 


OCr OD a an.) 
a , 
Or 


axb, 


Ot r Or (42a) 
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MoD Fe). 2b) 
Or 


ot y Or 
The boundary conditions corresponding to 
(10a) and (10b) are 


OCR OCo ) -0 43 
( or jee OF Jag ee) 
( or Le Or J rap , ( ) 
those corresponding to (5a) and (5b) 
=) eae) =0 ey 
o( or pane ss or r=a ; ( ) 
OCR a a) a Wis 
o or ie a( OF peewee eee 
and that corresponding to (7) 
Cob, ae t) (ep) A5 
Cui (Che Dies CRT | (49) 


As only the steady state is considered here, 
Co and Cr should satisfy 


and so 

Co=ao log r+ Bo (46a) 

Cr=ap lony+Br. (46b) 
With this type of solution, (44a) and (44b) 
satisfied automatically, so to determine the 
four constants a@o, Bo, da and Br, the con- 
ditions corresponding to (12a) and (12b) should 
be adopted again. A procedure similar to §4 


—_}——_ 


—— 
0,08 Vv 
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leads to, because of the conditions (1) and 
axb, 


the expression of the steady current per unit 
length of the cylinder 


i=2rnFDato=2nnFDCo'{ exp oe. fs i}. (48) 


The result is shown in Fig. 4, for 2xuFDCo° | 
A typical | 


It ist 


=f5=11:7 and HL =V5=0.0128. 
nF 


rectifying character can be observed. 
noted that the result does not contain Cr and 
a explicitly. 


If the minority carrier is the reduced form. 


it is easy to see that the rectifying character 


is revered, that is the larger current flows 


when the outer electrode is in negative poten- 
tial. 
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The dielectric §-dispersions in the amorphous part of the linear high 
polymers may be roughly classified into two categories according to their 
mechanisms: the first is the dielectric dispersions in the polymers which 
have long flexible dipoles, and the second is those which have rather 
short dipoles rigidly attached to their main chains. While the B-dispersions 
in the polymers of the first group are inferred to be mainly due to the 
micro-Brownian motions of their long dipoles, no convincing theory re- 
ferring to the mechanism of those of the second group has been pro- 
posed up to present. 

In this paper, the dielectric 8-dispersions of these second group polymers 
are investigated. The approximate magnitudes of some quantities appear- 
ing in our theory are evaluated by the observed values obtained from 
the mechanical dispersion. Taking account of the phenomenological nature 
of our theory, agreements between the theory and the observations may 


| I be satisfactory. 


| §1. Introduction 

Since the existence of the mechanical {- 
| dispersions for some linear high polymers 
|| was reported by several authors” in the 
i early years of the nineteen fifties, a great 
' number of investigations have been done up 
- to now for the mechanical and dielectric dis- 
persions in high polymers. As a result of 
these efforts, two or three kinds of mechanical 
and dielectric dispersions have been known 
| for each of many linear high polymers. As 
| there is no unified nomenclature for the 
| specification of these dispersions, we shall 
call, them, in accordance with usual name, 
| .a-, B-, y-dispersions and so on in their turns 
of appearance from high temperature and 
low frequency sides to low temperature and 
high frequency sides. However, this nomen- 
|. clature makes the discussion of these disper- 
sions much complicated, for the term a-, B-, 
or 7-dispersion means only the sequence of 
appearance from the high temperature and 
low frequency sides and there may be, there- 
fore, various possible mechanisms for the B-, 
or 7-dispersions of the various kinds of poly- 
mers. 

On the other hand, however, dielectric dis- 
persions for the amorphous part seem to have 
common nature.* Almost all of the disper- 
sions are attributed to the deformations of 
the high polymer chains which are caused by 


the motions of the permanent dipoles under 
the effect of external electric field. There- 
fore, it may be somewhat useful to classify 
these dispersions from the side of the motions 
of the dipoles. There may be, roughly speak- 
ing, three kinds of such deformations of the 
chains due to the motions of the permanent 
dipoles. These are as follows: 

(1) The deformations accompanied with 
rather large changes in the directions or 
locations of the dipoles and with large ap- 
parent activation energies. 

(2) The deformations accompanied with 
rather large changes of the directions or 
locations of the dipoles but with compara- 
tively small apparent activation energies. 

(3) The deformations accompanied with 
rather small changes of the directions or 
locations of the dipoles and also with small 
apparent activation energies. 

For a typical example of the deformations 
of the type (1), there would be the change 
of the dipole orientations due to the segmental 
rotations or translations of the main chains. 
Most of the a-dispersions are attributed to 
such deformations of the main chains. The 


* In this paper, we shall discuss only the dielectric 
disperions due to the amorphous part of the linear 
high polymers. The dieletric dispersions in the 
high polymers which have the hydrogen bonds are 
also excluded. 
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mechanism and the properties of the a-dis- 
persion have been discussed by many authors”? 
and some convincing theories seem to have 
been established, although these theories 
seem to be not satisfactory in many points.® 

As is well known, the segmental rotations 
and translations of the main chains tend to 
be less and less active as the temperature 
becomes lower than the glass transition tem- 
perature, T,. In other words, the relaxation 
times characteristic of such motions are apt 
to be longer and longer as the temperature 
becomes lower, and hence the a-dispersion 
becomes hardly observable at the temperatures 
far below T,. Since the 8-, and 7-dispersions 
are mainly observed at the temperatures 
below T,, they seem to be attributed to the 
deformations of the types (2) and (38). 

The first example for the deformations of 
the type (2) would be the rotational motions 
of the chain end dipoles in the amorphous 
part. Reddish‘ attributed the dielectric [- 
dispersion of the polyethylenetelephthalate to 
such rotational motions of the —OH groups 
in the chain ends. The magnitude of the f- 
dispersion due to the mechanism may have 
a remarkable dependence on the degree of 
polymerization and, further, it would be 
fairly small because the number of the chain 
end dipoles is quite small. The detailed ex- 
perimental work with respect to these points® 
shows us, however, that the magnitude of 
B-dispersion seems to have rather weak 
dependence on the degree of polymerization, 
and hence the §-dispersion due to such a 
mechanism seems to have not yet been found 
out at the present stage. 

The second instance of the type (2) would 
be the deformations due to the rotational 
motions of the long flexible side dipoles such 
as, for example, ester groups of PMMA. 
Since these motions do not need so large 
apparent activation energy, they would be 
also active at the temperatures below Ty. 
The f-dispersions of a series of linear high 
polymers such as _ polymethylmethacrylate 
(PMMA), polyethylmethacrylate (PEMA), 
poly-a-chloroacrylate, and so on, may be 
attributed to this mechanism.® !® 

Besides the above polymers whose dipoles 
are long and flexible, there are another kind 
of polymers whose dipoles are short and 
rigidly attached to the main chains. Poly- 
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vinylchloride (PVC), polyvinylbromide (PVBr) 
and polymonochlorotrifluoroethylene (PCFE) 
are the examples of this kind of polymers. 
Since the 8-dispersions are mainly observed. 
in the temperatures far below T, and the 
rotational and translational motions of the: 
main chains are frozen in this temperature 
range, most of the #-dispersions for these 
linear high polymers would be due to the: 
deformations of the type (3), that is, the: 
deformations accompanied with rather small 
changes of the directions or locations of the: 
dipoles. Here, the term “dipoles” means the 
composite dipoles of those of a monomer unit. 
or of a structural unit like the monomer. 
One may consider several “models” describing: 
such small motions of the dipoles. The first 
is as follows: 

(a) Each dipole bound temporarily to one 
of the directions of the local equilibria is. 
performing a small vibration in the vicinity 
of the local equilibrium. The {-dispersion is. 
the superposition of the resonance absorp- 
tions by these oscillators. 

The properties of the dispersion due to the: 
above mechanism have already been investi- 
gated.” However, the limiting condition in. 
which the dispersion due to the above 
mechanism can occur depends upon the fact. 
that whether the oscillators could keep up: 
their stationary characters during a period 
of the applied electric field or not. In the 
viscous media, such as we are now consider- 
ing, the life times during which oscillators. 
stay in one of the vibrational normal modes. 
are expected to be much shorter than the 
period of the electric field, 10~10-7 sec. 
Thus, the possibility of the appearance of 
the dispersion due to the above mechanism. 
seems to be little at least for the dispersion. 
in the radio frequency range. 

The second is the theoretical approach. 
from the liquid-like model.** Because the. 
rotational and translational motions of the 
main chains are frozen at the temperatures. 
far below T,, each dipole is bound in the 
vicinity of a local equilibrium direction dur- 
ing the time far longer than the period of 
the electric field, 10~10-* sec. Thus, the 


** A theory based on a view point of the liquid- 
like model has been developed by Okano®) inde- 
pendently of us. His calculation is an applicatiom 
of Kirkwood’s formulations to the @-dispersion. 


| 
| 
| 
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small motions of the dipoles in the vicinity 
of the local equilibrium directions could be 
approximately described as those in the high 
visco-elastic liquid: 

(b) Since the dipoles are bound high visco- 
| elastically to one of the local equilibrium 
_ directions, they follow the change of the 
_ direction of the local electric field with a 
little delay on account of both the restoring 
and frictional forces. The 8-dispersion is due 
to such a delaying phenomenon. 

The third is the approach from the side of 
the crystalline solid: 

(c) Each dipole performs the transition 
from one of the local equilibrium directions 
to another by the thermal agitations. If the 
transition probabilities for such transitions 
can be divided into two or three groups dis- 
tinctly, the dispersions can also be divided 
into two or three groups accordingly. 

Since the above mentioned model, (b), lies 
between the site model, (c), and the continuous 
rotating model in the viscous liquid, we may 
call it the “quasi-liquid” model. In this paper, 
the 8-dispersions due to the deformations of 
the type (3) are investigated with the aid of 
the model (b). However, the site model is 
also useful in many points and will be dis- 
cussed in the following paper.*® 

In §2, a phenomenological simple calcula- 
tion is done in deriving an expression for the 
dielectric 8-dispersion of the type (3), es- 
pecially for PVC. The orders of the magni- 
tudes of some quantities which appear in 
our theory are estimated from the observed 
values obtained from the mechanical §-dis- 
persion. In §3, the calculated results in §2 
are compared with the observations in the 
following three points: (A) the magnitude 
and the temperature dependence of the static 
dielectric constant, (B) the magnitude and 
the temperature dependence of the frequency 
of the maximum absorption, and (C) the shape 
of the absorption curve and its temperature 
dependence. Finally, the dielectric B-disper- 
sions in other second group polymers such 
as PCFE are discussed in § 4. 


§2. Phenomenological Theory 


In this section we shall derive an expres- 
sion for the dielectric 8-dispersion curve due 
to the small deformations of the chains based 
on the model (b). First, we shall discuss the 
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case of the linear chain polymers which have 
a single rigid dipole per monomer such as 
PVC. The extension of the theory to the 
case in which there are two or more dipoles 
per monomer such as PCFE will be discussed 
in §4. Since, in the present case, we are 
not interested in the intra-monomer deforma- 
tions of polymer molecules, the motions of 
dipoles can be approximately regarded as 
same as those of monomer units. 

According to the molecular theoretical 
interpretation of the relaxation phenomenon, 
the dielectric dispersion is to be caused by 
an energy transfer from the rotational degree 
of freedom of dipoles to some other degrees 
of freedom, and the activation energy of dis- 
persion is related, in some way or others, to 
the energy of coupling between the rotational 
degree of freedom and the remaining degrees 
of freedom of the molecular motion. Since 
the activation energy of the #-dispersion is 
fairly large, the interactions among monomers 
pertaining to the 8-dispersion would be rather 
strong, though they are not so strong as in 
the case of a@-dispersion. Then, it is to be 
expected that the small rotations around the 
quasi-stable positions affect those of many 
neighboring monomers and bring about the 
coupled motions of these monomers. For 
simplicity, however, we shall assume that 
all the dipoles in the system are divided into 
many groups each of which contains only the 
dipoles of several monomers rotating in the 
same way as a whole, and that each group 
of dipoles is moving independently of the 
other groups in a high elastic medium under 
the influence of both restoring and frictional 
forces. A slightly more extended consider- 
ation which takes into account the coupled 
motions among groups explicitly will be dis- 
cussed in Appendix. In the following we 
shall call the j-th group of dipoles simply 
the j-th dipole but will represent a group of 
dipoles. 

We shall put the “local” polar axis in the 
direction of the chain having its origine in 
the vicinity of the j-th dipole. Further, we 
shall treat the three dimensional motions of 
dipoles approximately by assuming that it is 
confined in the plane perpendicular to the 
local direction of the chain and denote the 
rotational angle of the j-th dipole by 9; 
measured from its equilibrium directions in 
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the absence of the external electric field. 
Then, the phenomenological equation of mo- 
tion of the j-th dipole is expressed as follows. 


ao; de “ : 5 Werias 
aud da (9—@)Er , 


(2.1) 


where J;, €;, 73, and m#; are the moment of 
inertia in the vicinity of the quasi-stable 
positions, the rotational friction constant, 
elastic restoring force constant of small rota- 
tion and the dipole moment of the j-th dipole, 
respectively, and E, is Onsager’s directing 
field which is in the direction (6,;°, ¢;°). Be- 
cause the dipoles are rotating in a high 
elastic medium, we can easily prove that the 
first term in Eq. (2.1) is negligible. Then, 
the solution of Eq. (2.1) leads to a superposi- 
tion of the dielectric dispersions of Debye 
type for the periodic external field of angular 
frequency o: 


I; 


: MO BE ae it 

a= : 22 

eter ites ined Sepa pemmaned eae 
where 


rast (2.3) 
Vi 
The static dielectric constant for 6-dispersion 
is at once derived from Eq. (2.2), and is given 
by 
© ATCT, fee 
a 3 EF if) : 


In Eqs. (2.2) and (2.4), N’ is the number of 
the groups of dipoles per unit volume. Since 
ry; and €; are, respectively, distributed in a 
certain range with some shape in general, 
the summations in Eqs. (2.2) and (2.4) are 
replaced by the integrals in which the sum- 
mands are multiplied by the distribution 
functions. The shape of the distribution 
function of the relaxation times will be in- 
vestigated in Appendix. 

One of the important differences between 
our equation of dispersion and that of the 
phenomenological theory of a-dispersion or 
Debye’s equation in liquid is in the definition 
of the relaxation time. While the relaxation 
time of Debye’s is given by tp=€p/RT, where 
k is the Boltzmann constant and T is the 
absolute temperature, ours is expressed as 
t=C/y. Although the similar mechanism to 
ours had been proposed with respect to the 
dielectric losses in the dipolar liquids, » the 


(2.4) 
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order of the magnitude of the relaxation time 
did not agree with observed values in liquids. 
In the glass state of the polymer, however, 
the medium is so high visco-elastic that our 
mechanism becomes meaningful as we shall 
discuss in § 3. 

We shall now consider about 7; and €;. 
The detailed knowledge of these quantities 
is, of course, obtained by the molecular theo- 
retical consideration. Our request in this 
paper is, however, not to find a detailed 
quantitative agreement between the theory 
and the observation, but only to know whether 
Eq. (2.2) based on our mechanism would give 
the correct order of the magnitudes and the 
correct qualitative tendencies of the observed 
data or not. It is, therefore, enough for our 
purpose to know only the approximate magni- 
tudes and qualitative tendencies of 7; and 
€; We shall, then, evaluate the approximate 
magnitudes of 7; and €; from the observed 
values for the §$-dispersion of the dynamic 
rigidity. 

The rotational friction constant of the 
dipole, €;, is proportional to its shear visco- 
sity, 7}, which is expressed by Stokes’ law as 

Cj=87a;*y5 , (2.5) 
where aj is the effective radius of the dipole 
when we replace it by a sphere. We shall 
assume that the average value of 7} is ap- 
proximately given from the observed value 
for the 8-dispersion of the dynamic rigidity by 

9'=G"(@m)/Om , (2.6) 
and similarly, for 7;, 
7=G'(o@m)a' N'-/8 , CM ipa 
In Eqs. (2.6) and (2.7), wm is the maximum 
frequency of the absorption and G’ and G”’ 
are, respectively, the real and imaginary 
parts of the dynamic rigidity. In deriving Eq. 
(2.7), we used the facts that the shear elastic 
force may be most effective to the small 
rotations of composite dipoles and that only 
the nearest neighbors are remarkably dragged 
in such motions. 

Although the condition under which the 

external force acts on the monomers is, of 


** Strictly speaking, G/(w9) should be used in 
place of G/(wm) in Eq. (2.7) where wo is such an 
angular frequency that om,g>w0>wm,a- However, 
the change of G’ with angular frequencies is so 
small for the §-dispersions that it would be ad- 
missible to use G’(w,) instead of G'(wo). 
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course, different between the mechanical and 
the dielectric measurements, the replacements 
in Eqs. (2.6) and (2.7) are seen to be enough 
to evaluate the magnitudes and the tempera- 
ture dependences of 7,;’s and €;’S approxi- 
mately. One may, however, have an objection 
that it is not reasonabie to substitute the 
macroscopic quantities for the microscopic 
ones. Although this objection may be valid 
in principle, it happens to be unsuitable for 
our case. The detailed consideration in this 
respect will be given in §3. 


§3. Comparison with Observations 


Since the equation of the dielectric B-dis- 
persion due to small deformations of the 
chains, Eq. (2.2), is derived in a much simpli- 
fied semi-phenomenological way, it is not 
reasonable to expect the detailed quantitative 
agreements between the theory and the obser- 
vations. However, Eq. (2.2) should give not 
only the qualitative tendencies of the obser- 
vations correctly but also the magnitudes of 
the observed quantities approximately so long 
as our mechanism is valid. In this section, 
we shall discuss this subject. 


(3/1). The Static Dielectric Constant 


The static dielectric constant for the $-dis- 
persion in our case is given by Eq. (2.4). 
Evaluating the approximate magnitude of the 
static dielectric constant from this equation, 
we shall make further simplifications that 
we ignore the distributions of ;’s and 7;’s 
and replace the quantities of composite dipoles 
by those of individual monomers. These 
replacements may bring about only the factors 
of the order of unity, which gives no serious 
effect to our purpose. Then, eq. (2.4) be- 
comes 
An E, N&u> 
3 AEGEAN oe 
where N is the number of monomers per 
unit volume and a is the effective Stokes’ 
radius for a monomer. The suffix 8 on the 
left hand side represents that the quantity is 
the static dielectric constant for §-dispersion. 
If we substitute the appropriate values on the 
right hand side of Eq. (3.1), for instance in 
the case of PVC, N~1.4x10” per cm’, 
<y2>/2 ~ 1,7 x 10-18 ~esu, a~4 x 10-°cm, 
G! ~1.5 x 10° dyne/cm? (—20°C)” and £,/E 
~2.3 the magnitude of the §-dispersion, 


(3.1) 
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(eo—€x)8, in PVC becomes 4x10-! (—20°C). 
Since Onsager’s directing field may be re- 
placed by E, = [3e,(e. + 2)?/9(2e,+e.)|E, the 
value of the ratio E,/E is calculated from the 
observed data. The order of magnitude of 
this value agrees fairly well with the ob- 


served data. (See Fig. 1.) 

€- es 

10.0[ 
fe . 
L fae 
L 

Bef 
[ (€0-€a)¢ 
0 ee ee oo 0 Oe 


=50 0) 50 100 TC) 
Fig. 1. The static dielectric constants for the a- 
and f- dispersions in PVC.10 


As was mentioned above, there may be some 
objection to replace the microscopic quanti- 
ties by the macroscopic ones. Although such 
a replacement leads to the correct results 
qualitatively in the usual case, it often yields 
wrong values in the order of the magnitude. 
However, such an objection would be un- 
suitable as far as the relaxation time, rT, is 
concerned because rt is given by the ratio 
€/y and, further, we are interested in only 
the logarithm of +t. Then the possible errors 
for € and 7, if exist, would cancel each other. 
As for the elastic restoring force constant of 
small rotation 7, the value calculated from 
Eq. (2.7) is nearly the same as the value 
obtained from the more detailed molecular 
theoretical calculation in Appendix. In fact, 
the former is given by 5x10-'? while the 
latter is 8x10-8 in the case of PVC. More- 
over, the value of 7 estimated from the ap- 
parent activation energy for the f-dispersion 
in PVC (~10 kcal/mol) is also 6x 10-, show- 
ing the expected agreement for the order of 
magnitude. Thus we may conclude the 
objection that such a replacement would lead 
to a wrong order of magnitude for « and 7 
seems to be unsuitable for our case. 

For comparing the static dielectric constant 
corresponding to @-dispersion with the obser- 
vations, it is more convenient to consider 
the ratio of the static dielectric constant for 
8-dispersion to that for a-one, because the 
uncertain factors, such as the mean square 
of the dipole moment, Onsager’s directing 
field, etc., are eliminated by this procedure. 
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Since the static dielectric constant for a-dis- 

persion at the temperatures far above Ty is 

given by 

_AnE, Nuw> 
By a ON 

its ratio to Eq. (3.1) yields 


(Gy) 


Eco lar 


(€o 


Aeg  (€9>—£)B kT« 

Wee ciel OC aN 
where 72 and J7g are the temperatures at 
which a- and §-dispersions are observed, 
respectively. In Table I, the theoretical 
values of 4eg/dea are compared with the 
observed values of 4eg/4ea for a few polymers 
appropriate for our theory. Though the values 
of a may be different for various kinds of 
polymers, we shall choose it as a~4x10-'cm 
for convenience. The observed values in 
Table I are corrected for the degree of 
crystallization. The agreements between the 
theoretical and observed values are satis- 
factory. 


(3.3) 


Table I. Comparison of theoretical and observed 
values of the static dielectric constants for B- 
dispersions to a-ones in polyvinylchloride (PVC), 
polyvinylbromide (PVBr) and _ polyvinylacetate 

(PV Ac).10.13) 


eg ) pee ) compared 
Aéq, / obs. . 42a, /theo. 


temperature 


0°C(B) 
100°C(a) 
10°C(4) 
85°C(a) 
—15°C(8) 
52°C(a) 


polymers ( 


PVC 
PVBr 0.05 


0.03 


In our equation of the static dielectric 
constant for 8-dispersion, only the real part 
of the rigidity, G’, is the temperature de- 
pendent factor. Since G’ decreases as the 
temperature becomes higher, the static die- 
lectric constant for @-dispersion is expected 
to increase with temperature. Although the 
observed values of the latter quantity for 
PVC actually increased by some twice during 
the temperature range 0°C~60°C (Cf. Fig. 1.), 
it can be explained from the temperature 
increase of G’. Besides, since the temperature 
change of G’ is rather slow at lower temper- 
atures, it is expected that the static dielectric 
constant will also change slowly with tem- 
perature. This agrees with the tendencies 
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of the observed data, too. At higher temper- 
atures, such as near 7,, the relaxation times 
characteristic of a- and §-dispersions become, 
however, comparable in the orders of magni- 
tudes. Then the treatment such that of §2 
begins to lose its validity. Therefore, we 
cannot predict the behavior of (e¢)—e.)e near 
and at higher temperatures than 7,. How- 
ever, since the number of dipoles pertaining 
to the §-dispersion due to the small deforma- 
tions of the chains is, roughly speaking, the 
order of N (1—exp(—ta/tg)), it is inferred that 
the increment of (¢)—¢~)e becomes low at 
temperatures near J, and, finally, it will 
begin to saturate and decrease. 


(3/2). The Frequency of the Maximum Ab- 
sorption 

Now we shall consider the frequency of 
the maximum absorption. In the case of 
PVC, the value of t evaluated from the data 
due to Schmieder and Wolf! and from the 
relations Eqs. (2.3), (2.5) and (2.6) gives t~ 
9.4x10-2. Then we obtain the logarithm of 
the frequency of the maximum absorption, 
log fm, as 

log Lolchan) = log; (Om/270) 
=log ,o(1/2z7r)~0.2 (at —30°C). 

This is of nearly the same order of magni- 
tude as the observed value. (Cf. Fig. 2.) 

The similar situations are realized for other 
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Fig. 2. The e’’—log f curve for 
in PVC.10 
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polymers. In our theory, the temperature 
dependence of fm is due to that of y’ as well 
as that of G’. Since the activation energy of 
dynamic viscosity is nearly the same as that 
of the dielectric dispersion, the temperature 
dependence of fm in our theory should bring 
about the coincidence with the observed 
values approximately. The correct tempera- 
ture dependence should, of cource, be obtained 
from the more detailed molecular considera- 
tions based on our mechanism. As was 
mentioned above, G’ is also a temperature 
dependent factor in fm. It gives a little 
decrease of the transferring velocity of fm to 
higher frequencies with increasing tempera- 
eure. 


(3/3). The Shape of the tAbserntion Curve 


The marked broadness of the observed 
absorption curves are understood to be a 
consequence of the superposition of the many 
_ Debye absorption curves each of which has 
a single relaxation time +. The relaxation 
time spectrum for the dielectric $-dispersion, 
L(t), seems to have following two character- 
istic features®): (1) the spectrum is rather 
symmetrical in log L-(r)—logt curve com- 
pared with the mechanical retardation spec- 
trum; (2) the Cole’s parameter, 8, has the 
values nearly equal to 0.3 at the temperatures 
far below J, both in the cases of the amor- 
phous and the crystalline high polymers. 
. This is in marked contrast to the a@-dispersion 
for which the values of 8 lie between 0.3 
for the crystalline polymers and 0.7~0.9 for 
the amorphous polymers. 

The simple calculation in §2 gives us no 
information about the detailed shape of the 
absorption curve and hence we must attempt 
some extension whose details are given in 
- Appendix. However, the above characteristic 
features are not so satisfactorily explained 
by the calculations in Appendix. The theory 
of the relaxation time spectrum for the die- 
lectric §-dispersion will be the next subject 
of investigation. 


§4. Dielectric §-Dispersion in PCFE 

In § 2 we discussed the case of the polymers 
which have only a single rigid dipole per 
monomer unit such as PVC. Here, we shall 
extend the discussion in §2 to the case of 
two or more dipoles per monomer unit. Poly- 
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monochlorotrifluoroethylene (PCFE), poly- 
ethylenetelephthalate (PET), etc. are the 


examples of such polymers. Although the 
dielectric -dispersions of these polymers are 
very similar to those of the linear vinyl- 
polymers, the magnitudes of the a-dispersions. 
for these polymers are much smaller than 
those of the linear vinyl-polymers. (Cf. Table: 
II.) 


Table Il. The magnitudes of the dispersions for 
PCFE and PET.2) (Data for PVC!) is added 
for comparison.) 


polymer (€0—€co)#,0bs. (€0 — E00) 8, obs. (€0—€0)B, theo. 


PCFE: (0224: (100°C) Uk a2elnoreyr pe1e9E 020) 
PET!) e8962°C). 401.54, (80°C)p 0004 2602) 
PVC 8.4 (100°C) 0.5 (30°C) 0.5 (30°C) 


First, we shall consider the case of PCFE,. 
which has three C-F dipoles and a C-Cl 
dipole per monomer unit. Suppose the angle 
between C-Cl and C-F dipoles is of the 
regular tetrahedron exactly, the dipole moment. 
per monomer unit decreases to 0.2 Debye 
unit or so by the cancellation among the 
dipole moments of a C-Cl dipole and three 
C-F dipoles. Since PCFE has, however, the 
spiral structure including 14 monomers in a 
period! and, moreover, we are considering 
about the amorphous part, the caricellation. 
among these dipole moments may be rather 
incomplete. Taking into account the fact 
that the root mean square of the dipole 
moment of CCI1F; is 0.46 Debye unit, the 
root mean square of the dipole moment per 
monomer unit would be expected to be ap- 
proximately 0.4~0.5 Debye unit. Substituting 
the following appropriate values, 


Nepvow 1.4 x 10°? per cm’, 

Necre~ 1.0 x 10”? per cm?, 

(<2>evc)'/? ~2.0 x 10 esu, 

(<2 >porn)/?~0.5 x 10-18 esu, 

and (E,/E)pve~3, (E;/E)ecur~2, 
into Eq. (3.2), the ratio the dielectric constant 
of the a-dispersion for PVC to that for,PCFE. 
becomes 


(€9 —€00)w, PVC oA . 
(€9 —€c0 ar, POFE 

which is approximately of the same value: 

with the observed value 35 calculated from 


the Table IJ. This means that the monomer 
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can be regarded as the nearly rigid motional 
unit in the case of a-dispersion. 

On the other hand, the monomer cannot 
be regarded as a rigid motional unit in the 
case of the 8-dispersion. For, in this case, 
the motion of the dipole is the small “diffu- 
sional” rotation near the minimum point of 
the potential, and hence the external electric 
field forces to attract the dipole pairs CC1-CF 
and CF-CF in the opposite directions to each 
other. Then, it may be possible to occur 
such a motion in which the pairs CC1-CF 
and CF-CF perform the small “diffusion” 
rotations partially independently under the 
effect of the periodic electric field. There- 
fore, we must substitute the root mean square 
of the dipole moment for CC1-CF or CF-CF 
pair into in Eq. (3.1). Substituting the ap- 
propriate values, 

N~Noci-cr+ Nor.cr~2 x 107? pem@em, 
Cur mlx 107 es, 

G'~8 x 10° dyne/cm? (at 0°C),” 
a~4x10-'cm and EF,/E~2 , 


into the right hand side of Eq. (3.1), (e0,—e)g 
for PCFE becomes 1.9 (at 0°C). If we take 
into account the fact that the small diffusion 
rotations of CF-CCl and CF-CF pairs are 
not “completely” but “partially” independent, 
the value of N should be decreased and hence 
the value 1.9 also should be decreased. At 
any rate, this is of the same order of mag- 
nitude with the observed data. (See Table II.) 
The similar situation is also realized in the 
case of PET. (See also Table II.) However, 
it seems to be somewhat doubtful whether 
the cause of the small magnitude for the (e.— 
€.)e In such a high crystallized polymer as 
PET can be attributed only to the small 
resultant dipole moment per monomer caused 
by the spiral structure of the chain or not. 


§5. Conclusion 


Our theory based on the mechanism pro- 
posed in this paper with respect to the die- 
lectric §$-dispersions for the linear vinyl- 
polymers such as polyvinylchloride agrees 
with observations qualitatively as well as 
semi-quantitatively. Our calculation is, how- 
ever, based on the semi-phenomenological 
ground so that we cannot proceed more in 
details of the agreements with the observa- 
tions. Furthermore, the discussion in §2 


Kaoru YAMAFUJI 


(Vol. 15, 


was done under the assumption that the 
relaxation times characteristic of a-dispersion 
are far longer than those of 8-one. Of course, 
this assumption begins to loose its validity 
in the temperatures such that the a- and §- 
dispersions appear at nearly the same fre- 
quencies. To improve these situations, it is 
necessary to build up a general theory which 
is based on the molecular theory and which 
involves both the cases of the a- and §-dis- 
persions. 

In this paper, the discussions are limited 
to the case of the #-dispersion due to the 
small deformations of the chains. As was 
mentioned in §1, there are also the §-disper- 
sions due to the micro-Brownian motions of 
the long flexible dipoles, which are hardly 
treated by our present model. In this case, 
and as for the possibility of simultaneous 
discussions about the a- and #-dispersions, 
the site model seems to be useful in some 
points. The discussions with the aid of the 
site model will be published in the near 
future.'® 

The author would like to express his sincere 
thanks to Professor Tamoyasu Tanaka for 
his stimulating suggestion of the problem 
and for helpful discussions. It is also his 
pleasure to thank Professor Y6Oichi Ishida 
(Department of Applied Chemistry) for his 
kind informations about the unpublished data 
and for valuable discussions. 


Appendix 


We shall try to extend the calculation in 
§2 to a more detailed molecular theoretical 
way and obtain some information about the 
shape of the absorption curve for the {-dis- 
persion. 

At the temperatures far below T,, the 
segmental rotations and translations of the 
main chains are not active and only the small 
deformations of the chains would be active. 
The segmental motions of the main chains 
are interpreted as the cooperative micro- 
Brownian motions of the segments each of 
which includes 10~50 monomers in it. Then 
the “small deformation of the chain” could 
be interpreted as the small deformations 
within each segment in which at least both 
ends of the segment are fixed. In other 
words, only the small rotational or translational 
motions of a few monomers could be active 


q 
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at the temperatures far below T, and these 
motions could bring about the small deforma- 
tions of the other monomers at most within 
the segment and not others. Therefore, it is 
enough for the @-dispersion to consider only 
the motions of the monomers within each 
segment and the interactions among the 


Of kT. 


Dielectric 8-Relawations in Some Linear High Polymers 


2303; 


nearest neighbor chains. 

Then, if we consider the case of the linear 
chain polymers which have a single rigid 
dipole per monomer such as PVC, the diffu- 
sion equation for the configurational distribu- 


tion function f of these dipoles can be written 
as 


OV 


(A.1) 


Sree Gee) 
OF tina kT OPT na ‘ NODT an ; 


where € is the rotational frictional constant concerning the micro-Brownian motion of a 
monomer, & the Boltzmann constant, T the temperature. In Eq. (A.1), we assume that the 
dipoles are arranged nearly simple cubical way and J denotes a number of the concerning 
dipole along the chain from the fixed end and m, m denote a number of this dipole in the 
two perpendicular directions to the chain, respectively. We again, for simplicity, confines the 
three dimentional motions of the dipoles to the two dimensional rotational ones in the plane 
perpendicular to the local direction of the chain and denote the rotational angle of the 
1,m,n,-th dipole by ¢,m,. measured from its equilibrium direction in the absence of the 
external electric field. 
The total potential energy V is given by 


7 a C. U,m,n 


V=Ver-Ve, (A.2) 
where 
il 
ee >5 Ax, mn(P1,m.n— Pt-1,m,n)° + S| Bim Pr,1,.2—Pt,m-1.0)° 
l,m,” 2 t,m,n 
1 (A.3) 
mee Ds Bim x P,m,n— Pr mina) + > SN Giese a , 
Yd Si L,m,n 
and 
Ve= “iE Sy Li,m,n sin ip ee COs (G2 msn —Pt,m,n) Er exp(dot). (A.4) 


1,m,” 


In Eq. (A.3), A’s and B’s, B’’s are the elastic restoring force constants among the neighbor 
dipoles along and perpendicular to the chain, respectively. The last term of Eq. (A.3) poe 
be necessary because each dipole tends to stay in its own equilibrium position. The £,, 0°’s, 
and ¢’s in Eq. (A.4) are defined in § 2. : 

Instead of solving Eq. (A.1), we may derive the following average value equation: 


qo mn Aiym,n(26P>t,m.n— CQ>i-1 tan <0 Bg) 


+ Br,m,n(26P>1,m.n—P>t,m-1,2—<PP1,m+1.0) (A.5) 
+ Bi mn 26P>1,m.n—<P>1.m.n—1— O)t,m.n+1) 
Cre mn nee exp (iat) ’ 
where 
akc Lent sin Gagner sin (2° 1,1, —P1.mn) Er é (A.5/) 


While the boundary conditions along the chains should be the rigid boundaries, it pe 
bring about any serious effect if we choose any boundary conditions in the ye perpendicular 
directions. Hence we may choose also the rigid boundaries in these two aeguOnS, 

1 shall consider the simple case in which each of all the Ayn S equals to A, 
B, aoe Bi m.n’S to B’, Cimn's to C and i .m.n’s to <#?>. Then with the aid of 


(A.6) 


¢ =0 
Sy Ujpkptj' kp — JpJ’p , 
Kkp=1t 
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p=1, 2, 3, we. obtain 


(iw) ip 4a N¢ p> ns F(ia) , sve N,N.Ns, (A.7) | 

3r &(0) 
where | 
5(ia) L 7 (A.8) 


(0) kykgk3 N,N2N3 io€ +4A sin?(k,/Ni)7+4B sin?(R2/N2)z+4B' sin?(k3/Ns)a+C ‘ 
and 


SE l : (A.9) | 
4 20s tng N,N2N3 4A sin2(Rk,/Ni)z+4B sin?(k2/N2)z+4B’ sin?(k3/N3)z+C i | 


Comparing Eq. (A. 7) with Eq. (2.2), it is clear that 7 in Eq. (A.9) acts just the same role © 
as the phenomenological rotating elastic force constant defined by Eq. (2.1). Since the intra- 
chain interactions are much larger than the inter-chain ones in general, we may assume 
A,C>B,B’. Then, Eq. (A.9) may be estimated approximately as 


eens 1 Pant Shes (A.10) 
ky N, 4A sin?(k!/Ni)z+C VY CAA) 


‘Since, from its definition, A is the energy required to twist the chain and hence is the 
same order of magnitude as the energy of the chemical bond and C is the energy required 
per monomer in order to turn the untwisted chain by an angle z/2, we may take the values 
of A and C as!” 


2A=5) e.v. and C= l/30"e.o. 


‘Then 7 becomes approximately as 
7=(C4A+0]!?=(1/3)? ev. =8x10-" erg; 


which is the same order of magnitude as the value of the phenomenological rotating elastic 
constant calculated by Eq. (2.7). (See §3.) Since this value of 7 leads to the correct order 
for the magnitude of the §-dispersion, we may conclude that the #-dispersion can be 
attributed to the small deformations of the monomers and dipoles within the segment. 
The function Z(im) in Eq. (A.8) is a familiar function appearing in the cases of the lattice 
‘vibrations or the impurity bands, and the much complicated calculations are necessary for 
estimating it. However, the above condition among the force constants, A, C»B, B’, make 
the estimation of S(iw) a little easier. We may expand the summand of the right hand 
‘side in Eq. (A.8) by means of the powers of B/A or B’/A. Then Eq. (A.8) becomes as 


FGw)= 2 5 (iw) , (A.11) 


-~where 


£°(io)= > (—1)§ (4B sin?(k,/N.)x+4B’ sin2(k3/Ns)x)$ 


kykgks N,N2N; (ow€+C+4A sin?(k,/N,)z)*1 (A.12) 


If we approximately replace the summation by integral, the first few terms of EF (w)’s 
are estimated as < 


0) (7 1 

SN Gakuen 

min/s.) 2(B+B iol —C+2A) 

& OO) = Tae a OMGal a CLAAS ’ (A.13) 
0 (jg) GB +SBB’+3B"4At+ Sot C424) 


V GE + C)iw +C+4A) ? 


§ and 


. ‘The leading term in Eq. (A.17) is, of course, 
essentially the “wedge type” spectrum char- 
acteristic of the linear Rouse chain, which 
has the gradient 1/2 in log-log scale. Since 
| -t3<Vtit2, the first correction term has the 
gradient 3/2 near logr=(logt,+logr:)/2, the 
second correction term 5/2. 

Our calculation in this Appendix is essenti- 
-.ally the same as the three dimensional Rouse 
model. The relaxation time spectrum for 

the Rouse model is very similar to the lat- 
tice vibrational spectrum.®) In fact, the 
retardation time spectrum for the linear 
Rouse model, L(r)=2~'ta7"/2(c—Ta)"/?, is just 
the same as the lattice vibrational spectrum 
for the perfect linear lattice, Gi(w?)=z7'o™ 
(w72—w?)-/?, in which w? is replaced by—l/r. 
‘Therefore, our relaxation time spectrum is 
very similar to the three dimentional lattice 
‘vibrational spectrum, G;(w?), in the case of 
A»B, B' in which w® is replaced by —l/r, 


m=C/C, te=C/(C+2A). 
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Since the dielectric relaxation time spectrum L.(r) is defined by 
e(1@)— e. = Dt) 
— all> LCRA (A.14) 
it can be estimated b i 5 bs er : 
BAS 8 y an inverse transformation of the above Stieltjes-Hilbert transforma- 
1 
Lio)=—T inar e(—1/r)— ee 
(c) ~~ Imaginary part of | ail (A.15) 
‘With the aid of the following relation derived from Bog bAt7)s 
e(tw)—e. (iw) 
&o—E0 (0) 
E0)=r3zVC4ALC0), 
-we obtain 
TC = (s) 
(t) 2 Le (ct) (A.16) 
and 
1 T 
ee (0) = 
OF Vee) 
_ 1 22A+C\(B+B’) T(t —Ts) 
ih (1) Tc 38 
au) 1 C(44A+C) V (t—7,)(t2—T)> ’ Goo) 
Oe 1 (2A+C)*(3B?+8BB'+3B") . 5r%(c—r,)?+4r5 A2/(C+2AP 
TT C(4A+CY V (t—71)(t2—T) 
Saf t,<t<r, and 0 if t<zt, and t.<t, where 
T1=C/(C+4A), (A.18) 


logLe(t) 


Fig. 3. The schematic graph for the relaxation 
time spectrum of the dielectric @-dispersion 
derived in Appendix. The dotted line is the 
leading term in Eq. (A.16). 
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which is schematically plotted in Fig. 3. Phys. : oe of ae A a. 1 
Although it can be easily shown that the os Se rc J. ] 
gradient of the broader curve in Fig. 3 is eo 


i ji ida: b blished 
possible to be smaller if we choose the ratios 3) K. Sawn and Y. Ishida: to be publi | 
A to Band B’ appropriately, the Rouse model j a a ee ee eee 
seems to have a fault that it has unsymmet- ) iss : . 
rical shape in log-log scale because G(w?) has : 


: : : 5) Y. Ishida: Kolloid-Z. 171 (1960) 71. 
symmetrical shape in w?-scale with respect 6) J. G. Powles: J. Polymer Sci. 22 (1956) 79; 


to ;*/2 in general. The effect of the dis- A. Odajima, J. Sohma and M. Koike: J. Phys. 
tributions of the force constants can be in- Soc. Japan 12 (1957) 272; 

vestigated by iteration method. However, W. P. Slichter and E. R. Mandell; J. Appia 
these distributions also do not cause to the Phys. 30 (1959) 1473; etc. 

above characteristic features so seriously 7) T. Tanaka and Y. Ishida: Suppl. Progr. Theor. 
change so long as the width of the distribu- Phys. No. 10 (1959) 121; J. Phys. Soc. Japan 
tion is small. Then establishing the convinc- 15 (1960) 261. 


ing theory of the relaxation time spectrum 8) M. Okpno: me fk ee ate ee 
for the dielectric 8-dispersion which has two Meeting of Phys. Soc. of Japan (Oct. ; 


yaaa : : : Tokyo), No. 6, p. 35. 
characteristic features mentioned in §3 will oy »Debye and Ramm: Ann. Physik (¥) 28 (9a 
be the future subject of investigation. 
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In the spectrum of Pr I three lines were classified and the hfs was 
measured, from which the interval factor of the level 46s? 4Ii1/2 was 
determined. From this and the known interval factor of 4f°6s? 4Io/2 it 
was concluded that the value of as; determined from the hfs of Pr II is 
also appropriate for PrI. The configuration 4 (416s of Pr II was treated 
as of intermediate coupling, and the hfs lead to a reasonable value of Osy 
and a(6s). From the value of a(6s) the magnetic moment of Pri41 was 
calculated to be 4.0+0.2n.m. 


§1. Introduction 4f*4D6s it was concluded that a(6s)= 

Some years ago Suwa and the author! 0.426cm- and a,,;=0.0227 cm™!, in which the | 
measured the hyperfine structure (hfs) of the relativity correction of the 4 f electron was. 
spectrum of Pr H; from the hfs of the term neglected and it was put 
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a= Sa; , al! = Bay ands d.! —— qu : 
From the value of a(6s) the magnetic moment 
of Pr'#t was deduced to be w=+4.0+0.1 n.m. 

At about the same time Lew” measured 
the hfs of the level 4/%6s? 4J,,. of Pr I, and 
obtained a,;=706.2 Mc/sec=0.02356 cm-". 

It is natural to expect that the value of 
dsz deduced from Pr I is equal to or slightly 
smaller than that deduced from Pr II, but 
Lew’s value is somewhat larger than our 
expectation. It is the purpose of the present 
paper to clarify this point. 

For that purpose it would be desirable to 
measure the hfs of all the levels belonging 
to 4f*6s? 47 (Pr I); but no classification of Pr 
I is available at present, so in the present 
work only the hfs of 421;2 and ‘Js/2 could be 
studied. 


§2. Experimental Arrangement 


As a light source a liquid air cooled hollow 
cathode discharge tube was used. The hfs 
was resolved by means of a silvered or die- 
lectric multilayer coated Fabry-Pérot etalon. 
In order to test which lines were self- 
reversed, a hot hollow cathode carrying strong 
discharge current was also used. 


§3. Hyperfine Structure of the Spectrum of 
Pr I 


It was found that the first line which shows 


Pr A49514 (4f° “Ty - 209) 
a rq 2 
40! 


-468 096 -031 0 .048.089123 472 .250 emi’ 
AS16216 


wave number —> 


Hfs of the line Pr I 4951.4. 


Figs 1. 


Hfs of Pr I and Pr II 
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self-reversal is 24951.4; this is the strongest 
line in the visible region. From the hfs it 
was concluded that this line represents the 
transition 4/%6s? 4J5;.—209;, the hfs being 
shown schematically in Fig. 1. The hfs of 
the final level is known from the work ‘of 
Lew?). The hfs intervals measured by Lew 
are indicated by stars; they were originally 
expressed in units of Mc/sec, but now they 
are converted in units of cm~!. 


Pr I A4916.0 (4f°6s? “7,,- 2245) 
a c ez, 2 
10 852 


b e 
0.43 068 


-414 -022 0 


O79, 447 .203,248.281 eni? 


(058) (127) (484) 
wave number—> 


abcdefghijkimnp 


Fig. 2. Hfs of the line Pr I 4914.0. 


Pr A4552.2 (6f°6s? T,,-23,,) 
d 2 2 
7.97 


q 
079.7788 491077|0,49 


-.040 0 455, .288 «=.404 499.571 cm’ 
420 196 .258,323 
wave number—> 0,040 
7 19.035 
ape iB 
73 10030 
abcdefghijk lmnpgq 
: 0.194 
34 0169 
‘f 146 0.145 
> 0124 
3 0.097 
F 
Fig. 3. Hfs of the line Pr I 24552.2. 
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In addition to 4951.4, two lines 444914.0 
and 4552.2 could be classified, the hfs being 
shown in Figs. 2 and 3. Numbers in paren- 
theses were calculated. From the hfs, we 
get the interval factor of the level 4/°6s* ‘11/2: 
ACIap~)=0.02425.cm71. Forsthegleveln4f 6s? 
4T5)., Lew obtained A(*J/2)=926.02 Mc/sec= 
0.0308891 cm7. 

Since the spin-orbit coupling parameter of 
the 4f electron (€=682.6) of Pr I is small, 
we can assume that the configuration 4/°* is 
of LS-coupling. 

If the 4/%6s?-configuration of Pr I were 
pure, we could calculate a,; according to the 
usual formula 


ACF? *hisj2)= — > 
2612 | 
3 4 
Af Ti3/2)= 9995 ” 
14920 
Ey ee 
A" tsi) Ty 67 OF 


3 4 — 416 
A(f?* *Ig/2)= 363 7 : 

Under this assumption, we get asy=0.0230 
em! from 41/2 and ds47=0.02356 cm-! from 
*T y/o. 

This discrepancy can be interpreted by as- 
suming that the term 4/*6s? 47 is mixed with 
4f*6s7s 4T, etc. We can put 


4 f 6s? *Tho= KA f°6s? 4Io/2+ Kod f 6878 *To/. 
+ K,4f *6s7s * 7972+ Bee 
K,~1. 


As a first approximation we may cut off the 
series at K; and assume 


476 
363 


Putting» <A—0:03089'em=',. aea,,=0.0227em—! 
(this value was obtained from Pr II), Kij=1 
in this expression, we get X=0.0041. 
As a rough approximation we can assume 
14920 5 
14157 “7 443 
Putting A=0.02425cm™, a,z=0.0227 cm- : 
K,=1 in this expression, we get Y=0.009. 
X and Y have the same sign and are of 
the same order of magnitude. We may there- 
fore consider a,;=0.0227cm-! to be appro- 
priate for the hfs of Pr I. 


A(th2)= Ki? 363 t Fy = X(a(6s), ais), Ks, .Kz).. 


A ty jx) =1" 
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$4. Hyperfine Structure of Pr Il 


In the previous work” hfs of some levels 
of the configuration 4f*6s was measured. In | 
the present work no extension was made, | 
except that the hfs of the line 24189.5 (4f%6s _ 
5], —z5J,)» was measured. The interval factor — 
of the lower level was found to be 0.0441 cm"?. 
This is not so accurate, however, owing to | 
the existence of close lying line. | 

As before, let us assume that the group | 
of electrons 4f% is of LS-coupling, to which - 
the 6s electron is combined via intermediate 
coupling. Then the energy matrix is as given 
in Table I. 


Table I. Energy matrix of f%s 5.37 in LS-coupling 
(Caer) 
J=s; Yl —3G+3¢ 
J=7, 5] —3G+¢ =¢ 
5 
3 aaS aS 
fi ¢ Gt5¢ 
= ; ay ae a 55 
JO I 3G aS Z i 2¢ 
1 /55 5 
3 a ea a, 
d 4 3° G 12S 
9 1 /35 
=. 5 — —— — == 
ai 3G Z ¢ if nid 
1 /35 35 
3 a! vo ¥ soc 
. 4 v3 ¢ s 12$ 
J=4, 5 ~8G-2 


Fitting the observed levels to the energy 
matrix, the parameter values €=682.6 and 
G=243 were obtained. Then the compositions 
of the levels were determined by the usual 
method; the result of the calculations follows. 


o7=K, *I;+K2 *I; . 


ie t= 0:055% 1e— 07295 
lee Koss —0.295 ; Keo= 0. 955 . 
fis: Ki=0.90335-—+ Ke=0.4288 , 
*Ie se Ky =— 04283 he =0,903;:. 
tan K,=0.839 , K,=0.544, , 
S75) -Ky=—-0,044,, -Ke= 0/839" 


Let us first assume that there is no con- 
figuration mixing. Then the hfs interval 
factor for J=7,6,5 is given by 


A;=KVACIz)+ 2K K, A *J7)+K2 ACI) . 
The expression for A(J;) follows. 


AGI) = = ae 5a) . 
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86 
ACh)= soe ar+ = Hee 


ACh) =F ar Zals), 


AGh)= = as— Sas) 


ATA oe. Lat, 

ACHE) = 5 o/h a+ VIB als), 
Bol) = as— ag as) 

AGh)=Z a;— Fas) 

AG*B)= as ay+ ea) , 
A(@Is)= aie art 5a) , 

ACI)= a ay— a As) . 


Fitting the observed hfs to these formulas, 
wwe get, as before, the values a,;=0.0227 cm-! 
i and a(6s)=0.426cm—', (Table II). 

' In reality the term 4/*6s°*J is mixed with 
B54 f*6s? ©:27, 5s4.f *6s7s°7J, etc. 
fee If we cut off the series at 5s4f*6s? J, it 
i can be seen that in the above-mentioned 
calculation for a;, the contribution from 5s 
| and 6s almost vanishes, and the value a= 
0.0227 cm-! seems to be accurate to about 
1.5%. The expression for a(6s), however, is 


Table II. Interval factor of 4f%6s 5J and J. 


obs. calc. 
A(®Jg) 0.0437 0.0433 
A(I7) ~0.0441 0.0476 
AGT) = —0.0061 
A(Ie) 0.0536 0.0526 
A(Ie) — —0.0039 
A(Is) 0.0622 0.0572 
A(Js) —0.0032 0.0026 
A(I4) —0.0100 (—0.0100) 


now somewhat invalid and is slightly de- 
pendent on a(5s). We may assume therefore 
that the value a(6s)=0.426cm~ is in reality 
to be slightly modified, and the magnetic 
moment s(Pr'#4)=+4.0+0.ln.m. (that was 
given previously) suffers a slight change and 
is now 


Pr) =4-40202 nme. 


This is in good agreement with 3.9,-£0.2 n.m. 
obtained by Baker and Bleaney® by means 
of paramagnetic resonance experiment. 
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The intrinsic viscosity of an irradiated polymetric substance is calcu- 
lated with inclusion of the effect of branching. The contribution of a 
branched polymer to the intrinsic viscosity is evaluated according to 


Debye-Bueche’s theory with some modifications. 


The distribution of 


molecular size and crosslink unit is obtained through an extention of the 


Saito’s theory. Our results agree with experiment fairly well. 


The es- 


sential reason for the large discrepancy between Saito’s calculation and 
experiment is shown to be his neglect of branching. 


Introduction 


§1. 


In a polymeric substance under irradiation, 
crosslinking between a pair of polymers and 
scission of a polymer take place simultane- 
ously. This leads to a polymer with long 
branches and changed molecular size and re- 
sults in changes in the distribution of mole- 
cular size and crosslink unit in the polymeric 
system. Among many properties which depend 
on the distribution, we are interested in the 
intrinsic viscosity. 

In general, a theoretical treatment of pro- 
perties of a branched polymeric substance 
confronts with two problems. Firstly, we 
must know the property of a branched mole- 
cule, and secondary, the distribution of mole- 
cular size and crosslink unit. 

In connection with the first problem, Kirk- 
wook-Riseman” and Debye-Bueche” gave dif- 
ferent approaches to the contribution to the 
intrinsic viscosity of a polymer molecule. 
Here we will follow the Debye-Bueche’s ap- 
proach because of its mathematical simplicity. 

Concerning the second problem, a theory of 
the molecular size and crosslink unit distri- 
bution was presented by Stockmayer®, but 
unfortunately his method is inconvenient for 
the calculation of the intrinsic viscosity. From 
a quite different point of view, Saito deve- 
loped a more general and convenient theory 
of molecular size distribution in terms of an 
integro-differential equation. He could cal- 
culate the intrinsic viscosity according to 
simple Staudinger’s rule neglecting the effect 
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of branching.” 
size and crosslink unit distribution of an ir- 
radiated polymeric system according to Saito’s 
method and evaluate the intrinsic viscosity 
taking the effect of branching into account. 
The closest parallel to our development will 
be found in the work of Kilb,” who evaluat- 
ed the intrinsic viscosity using Kirkwood- 


Riseman’s theory and Stockmayer’s distri- | 


bution function. 

In Section 2, the distribution function will 
be obtained. The contribution to the intrinsic 
viscosity of a branched polymer molecule 
will be evaluated in Section 3. In Section 4, 
the intrinsic viscosity of an irradiated poly- 


meric substance will be obtained when the: | 


initial molecular distribution is Poisson-like.. 
For more general initial molecular size dis- 
tributions, the intrinsic viscosity will be 
derived for small radiation doses in Section. 
5. In Section 6, our theoretical results will 
be compared with experimental data. 


§2. The Molecular Size and Crosslink Unit. | 


Distribution 


Through our calculation we make the fol- 
lowing assumptions: (1) the number of cross- 
links or scissions is proportional to radiation 
dose: (2) crosslinks and scissions occur at 
random: (3) the number of crosslinks is small 
compared with the total number of monomer: 
units: (4) the cyclization, a crosslink within 
a molecule, can be neglected. 

A polymer molecule will be specified by the. 
degree of polymerization p and the number 
of crosslink units 2,.. For convenience, we- 
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We will obtain the molecular | 


| 1960) 


will use one half of the number of chain ends 
| q=n-+1 instead of crosslink units. We define 
| the molecular size and chain end distribution 
{ np, q, R) dpdq of a polymeric system as the 
| number of polymers whose degree of poly- 
} merization lies between p and p+dp, one half 
| of the number of chain ends between g and 
| q+dq when the system has been irradiated up 
to radiation dose R. 

To calculate n(p, g, R), we will follow close- 
{ ly Saito’s formulation®, though we make some 
necessary generalization. 

a) The case when only crosslinks occur. 
‘When the radiation dose increases from R to 
| R+dR, n(p,q,R) loses pn( p,q, R)2cdR and gains 
a 
E 2N 
i «according to Saito. Here WN is the total 
§ number of monomers, and 2c is the proba- 
] bility that a monomer crosslinks with another 


\\as\" an p—Dnil, S, Ryn(p—I, q—s, R)2cdR 
% J0 ; 


monomer by irradiation of unit dose. 2c cor- 
' responds to Charlesby’s a®. Putting 
Chet. 
np, q, R)IN=n( p,q, R) or mp, 49, t), 
we get 
PMP, 4D. 26m, 4,1) 


E: \‘as\ "aun p—Dmil, s, \m(p—l, q—s,t). 


| Hereafter we will call the normalized mole- 
. .cular size and chain end distribution function 
| m(p,q,R) simply the distribution function. 
‘The Laplace transform of m(,q, t), i.e. 


Font |; da\ “dome, q, tHee-? (2) 


‘satisfies the following equation: 


j ‘The equation can be solved to give 


f(z, x, t)=G(Zo, x) —{G' Zo, ns, (4) 
2=2)—2{1—G' (Zo, x) }t, 
where 
G(20, x) =f (Zo, * 0), and G'(z, x)=0G (Zo, X)/Zo 


t dota At) 


It should be noted that Eq. (3) has just the 
same form as Eq. (7) in Saito’s paper 1,° so 
that the solution is also given by (4) which 
is similar to Eq. (8) in that paper. But, in 
our case f depends on * parametrically and 
this parametric dependence on % 1s essential 
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in our following treatment. 

b) The case when only scissions occur. We 
first note that, when only scissions occur, the 
distribution function for a system of linear 
molecules has the form 


mp, g, R)=d(q—1)m'(p, R), 


because a scission of a linear molecule never 
gives a branched molecule. Saito has obtain- 
ed the molecular size distribution m'‘(p, R): 


m'(p, Rael mip, 0)+2rR\"m'(p, O)dp 
p 


+R) \"apl “n'a, od, 5) 


where 7 stands for the probability of scission 
per unit monomer per unit radiation dose, 
which Charlesby called f®. 

c) The case when crosslinks and scissions 
simultaneously. Suppose we break virtually 
all the crosslinks in an irradiated polymeric 
system, then the distribution function will be 
given as in the case b, if the polymeric system 
had initially no crosslink units. Then we 
restore all the crosslinks. By this procedure 
we obtain the real distribution function corre- 
sponding to the irradiated system in terms 
of the Laplace transform, namely Eq. (4) 
solved under the initial condition é6(q—1) 
m'(p, R) given by (5). 

§3. The Contribution of a Branched Molecule 
to the Intrinsic Viscosity. 

Following Debye-Bueche’s theory, the contri- 
bution 7(p,q) to the intrinsic viscosity of a 
branched molecule can be expressed as 


nb, 2)~ p*g(q, p)*~*, (6) 
Reb, g)? 
gq) Rib, 0” (7) 


on the assumption that the proportionality of 
R2(p,q) to the degree of polymerization p. 
Here R.(p, g) represents the effective radius 
of the polymer molecule with the degree of 
polymerization p and the number of end points 
gq. The exponent a of p in (6) corresponds 
to that of the Standinger’s empirical law. 
We will regard it as constant for the present, 
though it should depend on p and q from a 
more rigorous viewpoint. 

Consequently the effect of branching on 
the intrinsic viscosity only appears through 
the effective radius. So we should like to 
know R.(p,q) as a function of ~ and g, but 
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it is beyond the scope of this theory to get 
the exact functional form of R.(p,qg). Now 
we are forced to adopt the conventional 
assumption that R,? is, proportional to the 
mean square radius R*® averaged over all the 
possible configurations. 

The mean square radii of branched mole- 
cules have been calculated by Stockmayer® 
and more generally by Kataoka’, on the as- 
sumption that the chains constituting polymer 
molecules obey random flight statistics. 
Kataoka obtained the following equation for 
R?, when a polymer molecule contains merely 
branch units of equal functionality and no 
rings: 

pein OF 

Ny(Ny + 1)(M9+2) 
where a indicates the effective bond length, 
and m, represents the number of branches in 
the molecule. A branch means a chain lying 
between a branch unit and an adjacent branch 
unit or chain end. vy, is the number of 
branches constituting a chain which connects 
two branches named k and J. Summation 
should be carried out over all the pairs of 
branches. Eq. (8) was derived by taking an 
average over all the molecules having same 
values of p,m and Pe By (8) Kataoka 


(8) 


(mo? + > Yer), 
(Kl) 


la |b 


Fig. 1. Forms of crosslinked molecules. 


I\7) 


0 1 | 
10 20 


Fig. 2. Values of g(q) plotted against gq. 
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;only by ten percents at the largest. 
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could obtain g for crosslinked molecules of 


the normal form, one of which is shown in. | 


Fig. la. 
| Od ed og +e 
ee CEC eae 
We draw the curve of (9) in Fig. 2. 


When the number of crosslink units is. 
larger than four, polymer molecules of dif-— 


ferent forms, as shown in Fig. 1b, come into: 
existence. These molecules have smaller R’s. 


than the molecule of the normal form with. 


same p and m,. We use, however, Eq. (9) 
because it may differ from the exact value 
(See 


Appendix) 


§ 4. The Intrinsic Viscosity. I. Poisson Distri- 
bution. 

In this section we will evaluate effects of 
radiation on the intrinsic viscosity of a poly- 
meric substance initially composed of linear 
molecules and having a Poisson-like molecular 
size distribution. With the aid of the result 
in the preceding Section, the intrinsic vis- 
cosity [y] of the irradiated polymeric system. 
can be expressed as 


t=K\ dal dpprata)*-«bm(2, q, R). (10) 


For mathematical simplicity, we approximate | 


g(q)?” by a finite Dirichlet series. 
gq) *= Ae Bem +C. 


(11): 


The values of these coefficients are given in 
Table I, and the curve (11) is traced in Fig. 
2 when a=1. 


Table I. 

a Ae-@ Be-” C e-4 Cm 

1.0 0.466 0.102 0.431 0.737 0.243 
0.9 0.484 0.119 0.397 0.735 0.250 
0.8 0.498 OFLSh 0.365 087355 0.256 
On7, 0.509 0.155 0.336 0.731 0.261 
0.6 0.518 0.173 0.309 0.278 0.264 
0.5 0.524 0.192 0.284 0.726 0.266 


First we suppose only crosslinks occur. 


Then 
[y]=K{A Jia) + BY(b)+CJ0)}, (12), 


where 


J(@)= [dal “dope e-eom(p, qt). (13, 


1960) 


Making use of the equation obtained by 
Saito®, 


|, Beton, a, thdp= 


eet T(at+2)( dz te SS 
a (ae |e RDO aby (14) 
we obtain 
eT(at+2)\( dz ~ 
IDs pg | et Gd) ~<15) 


The integration should be performed along 
the contour C in Fig. 3. Substituting (4) into 
(15), we get 


Z-plane 


© 


—=— 
——— 


Fig. 3. Contour of integration. 


lee ge Ce a)—G' (Zo, a)t} 

(16) 
i "Gp, d) 
= apo, (17) 
eS) e 0 j 
where 

0=0.—2{1+G"(o, a)}t. (18) 
In the case a=0, Saito® derived (17). This 


procedure could be easily extended to our 


Case. a=: 


The initial distribution function is now 
mp, q, 0)=u-*e-#/“d(q—1), (19) 


where uw is the number average degree of 
polymerization. 


G(00, a) =e, a, 0) 
2 |, 40\ “damc, q, 0)e-°ove-04 
0 0 


=u-"(1+upo)'e*. (20) 


eibstitute (20) into (17) and put (1+2)"!=y. 
Then we get 


2ure-% Yo syne 
Tr'd—a) \ {1—y—2ut(1—e-“y?)}“ 


where yo is the root of the equation 


1—y—2uty(1—e-*y?)=0 


dy, (21) 


Ja@)= 


(22) 


that tends to unity when a tends to zero. 
When scissions occur in addition to cross- 
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linking, we should use the following distri- 
bution function as the initial distribution. 
m p,q, R)=(u/1+ruR)-2 

exp [—p(u/1+7uR)—]d(q—1). (23) 
This leads to J(a) having (u/1+ruR) instead of 
u. Numerical calculations were carried out 
using a high speed electronic computor, TAC. 
For various values of aw and r/c, we obtained 
the ratio [y]/[v]o, where [7], indicates the in- 
trinsic viscosity before irradiation. These 
results are given in Table II. In Fig. 4, we 
draw [y]/[y]o against R/R,, where R, is the 
dose at incipient gelation, which occurs when 
4c>r. 


£7]/ (7 ]o 


0.5 


oO 
— 


(N/1Mo 


0.5 


(b) 
The ration [7]/[7]o against R/R,. 


Fig. 4. 
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§5. The Intrinsic Viscosity. II. Small Radia- 
tion Doses. 

In this Section, we will evaluate the effect 
of the initial molecular size distribution on 
the viscosity-dose curve at small radiation 
doses. To clarify the relationship between 
the initial molecular size distribution and the 
radiation-induced change of the intrinsic vis- 
cosity, Inokuti!” has discussed the coeffici- 
ent A,(4, a) in the following expansion: 


[nl/[mlo=1+ Aid, a)R+ Asld, @)R?+-+-. (24) 


Table II. The Values of [7]/[y]o when the initial 
molecular size distribution is Poisson-like. 


cuR a=0.6" a=037 Va—=058) a—=029 
A=OnOR0Z50 1.005 1.014 1.026 1.041 
0.0500 1.006 1.029 1.053 1.084 
0.0750 1.008 1.043 1.084 le o2 
0.1000 1.012 1.061 Palae 1.191 
0.1250 1.017 1.087 ilies} 1283 
0.1500 1.032 1.126 1.248 1.408 
0.1750 1.063 1.195 eV 1.616 
0.2000 e32 1.329 1.614 Pi VVAT 
0.2250 1.306 1.673 2e2or 3.205 
0.2300 ee(9 1.818 Pols} SiON! 
0.2350 1.482 2.034 2.982 4.645 
0.2400 1.654 2.402 3.768 GRo25 
0.2450 2.039 Bes: 5.765 10.943 
4=1.0 0.0256 0.989 0.997 1.006 1.018 
0.0526 0.975 0.992 1.011 1.035 
0.0811 0.962 0.987 1.019 1.055 
Ojahal 0.950 0.986 1.031 1.082 
0.1429 0.939 0.990 1.054 ass 
0.1765 0.936 1.005 1.096 1.216 
0.2121 0.947 1.044 WSU 1.359 
0.2500 0.990 1et37 1.350 1.658 
0.2903 iL aIPAl 1.400 1.841 2.548 
0.2987 TAMAS) 1.514 2.063 2.969 
0.3072 1.262 1.686 2.407 3.650 
0.3158 1.403 1.982 3.026 4.941 
0.3245 23 2.690 4.604 8.497 
Ea ES SR aE Ee ape ee tee no ES 
4=2.0 0.0263 0.974 0.979 0.985 0.994 
0.0556 0.944 0.956 0.968 0.986 
0.0882 0.914 0.930 0.952 0.978 
0.1250 0.885 0.908 0.939 0.974 
0.1667 0.856 0.888 0.932 0.990 
0.2143 0.833 0.877 0.938 1.021 
0.2692 0.821 0.884 0.972 1.096 
0.3333 0.833 0.929 O“Z 1.280 
0.4091 0.913 1.100 1.399 1.871 
0.4259 0.953 1.181 1553, 2.158 
0.4434 1.013 1.304 1.794 2.623 
0.4615 Geel iy? 1.520 22238 Saal 
0.4804 1.362 2.044 3.364 5.970 
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cuR aa=0.6 a=0.7 a=0.8 a=0.9 

A=3.0 0.0270 0.959 0.961 0.964 0.971 
0.0588 0.912 0.918 0.925 0.937 
0.0968 0.865 0.872 0.884 0.900 
0.1429 0.817 0.827 0.844 0.864 
0.2000 0.767 0.782 0.806 0.841 
OEZI27 0.721 0.741 0.774 0.822 
0.3684 0.680 0.709 0.756 0.827 
0.5000 0.653 0.700 0.775 0.889 
0.6923 0.666 0.762 0.916 1.166 
0.7419 0.683 0.801 0.996 1.309 
0.7966 0.713 0.865 est28 1.548 
0.8571 0.771 0.985 1.361 2.011 
0.9245 0.919 1.293 1.992 3.312 

A=4.0 0.0278 0.943 0.942 0.943 0.947 
0.0625 0.880 0.880 0.881 0.887 
0.1071 0.814 0.812 0.815 0.821 
0.1667 0.745 0.742 0.746 0.752 
0.2500 0.671 0.669 0.674 0.688 
0.3750 0.596 0.593 0.600 0.617 
0.5833 0.516 0.514 0.524 0.547 
1.0000 0.431 0.431 0.445 0.476 
2.2500 0.328 0.334 0.358 0.404 
2.8750 0.303 0.310 0.337 0.387 
3.9167 0.274 0.284 0.314 0.369 
6.0000 0.240 0.253 0.287 0.349 
12.2500 0.195 0.212 0.252 0.324 
A=5.0 0.0286 0.927 0.924 0.922 0.923 
0.0667 0.846 0.841 0.837 0.836 
0.1200 0.760 0.750 0.745 0.741 
0.2000 0.667 0.653 0.645 0.638 
0.3333 0.565 0.547 0.535 OFS, 
0.6000 0.449 0.427 0.412 0.404 
1.4000 0.305 0.279 0.260 0.249 

A=6.0 0.0294 0.911 0.905 0.901 0.900 
0.0714 0.812 0.801 0.791 0.786 
0.1364 0.704 0.686 0.672 0.661 
0.2500 0.584 0.559 0.539 0.522 
0.5000 0.443 0.412 0.387 0.368 
1.5000 0.259 0.225 0.198 0.177 

A=7.0 0.0303 0.895 0.887 0.880 0.876 
0.0769 0.777 0.761 0.746 0.736 
0.1579 0.645 0.619 0.598 0.579 
0.3333 0.491 0.457 0.429 0.403 
1.0000 0.292 0.254 0.222 0.197 


He did not take the effect of branching into 
account, however. Considering the effect, we 
followed the method and could obtain A, for 
a system initially composed of linear mole- 
cules. By use of notations; - 


pone Wane: O)dp, (25) 
0 
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(Oe |, dopes|ar Kp—Dmt(l, 0m" p—1,0), Where 
0 0 (26) yaw t2 I'(2b+3+a)I'(b+1) 


| where mi(p, 0) indicates the initial molecular : pee eal CIC 
size distribution, A, can be expressed as If 4<4, namely 4c>yr, gelation occurs. The 


{a(2y« 2}. 33) 


Follows: dose R, at incipient gelation is 
ec INES ee Ry=12cfr=(2cu)bb+1) (34) 
i ato feat i ) We expand [7]/[y]o in powers of R/R,. 
where [el/[yJo=1+a(R/R,)+a(R/Ry?+-+--. (35) 
a+2 Ta = - a b+l1+a ; 
=A eon — 2h. (28) Ae i Jack hey Cee 


If we put g(2)=1, namely if we assume that We draw contours for constant @,’s on A—b 
} a polymer molecules with one crosslink unit plane for a=1. (Fig. 5). Fig. 5 shows that 
| has the same R, as the linear molecule with increases with b and decreases with 4. The 
the same degree of polymerization, our result dependence of a on b is strong when 4 is 
coincides with Inokuti’s. The quantities fa, near four. 

and Ia) have been calculated for several 


molecular size distributions by him!» and by 
him and the author.’ Shultz et al!® measured the intrinsic vis- 


For cosity of irradiated polystyrene in benzene. 
pert p\r The experimental [y]/[y7], versus R/R, are 

m(p, eee, e?v/u, (29)* plotted in Fig. 6. The exponent a in the 
Staudinger’s law is 0.74 for the benzene solu- 

fa+, and I(a) are given as follows: tion of polystyrene. The ratio 4=r7/c was 


for =(ulb"(b+2+a)/P(b+1) (30) obtained to be 0.74 by the measurement of 


ia the gel fraction according to Charlesby. Soito 
Ka)=ulbye"T(2b+3+a/P2b+2). (31) has shown, however, the Charlesby’s method 


§6. Comparison with Experiment. 


‘Then gave an overestimated value of 4 because of 
cau a+l the neglect of cyclization.» 
A= 22 (14 b \e Ao); oe) Kilb’s measurement’? was made on dime- 


thylsilicone oil. The data were plotted in 


“SYS AVE -|/3 


N 
fe) 


a=0,75 


(71/ (735 


a 
eos 


O | Z ) 4 3) 6 
Poisson distribution b rol 


Fig. 5. Contours for constant ai’s on A—b plane. 


oe We call (29) the generalized Poisson distribu- 
tion. The parameter b is connected with the ratio 
of the weight average degree of polymerization Py 
to the number average Pp, in the following way: 
Pw/Pn=1+1/0 . Fig. 6. The experimental [7]/[y]o of irradiated 
If b=1, (29) reduces to the Poisson distribution; and polystyrene in benzene, measured by Shultz, 
if b=, to the uniform distribution. et al. 


0.5 
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Fig. 7. a@ is 0.79 for the toluene solution of 
the silicone polymer. The value of 4 for this 
polymer is 0.1, which was obtatined by 
chemical techniques. 

Our calculated [7]/[y]o coincides with these 
experiments fairly well as in Figs. 6 and 7. 
The effect of branching lowered Saito’s 
curves* towards the observed values. 


IM, 


0.5 


Fig. 7. The data of Kilb, of dimethylsilicone oil 
in toluene. 


Sc 


We conclude that the large discrepancy be- 
tween Saito’s theory and experiment should be 
due to the neglect of the effect of branching. 
The present theory, however, is not yet satis- 
factory. It contains several ambiguous as- 
sumptions: (1) the proportionality of R.? to 
R*®; (2) the neglect of cyclization; (3) the 
neglect of dependence of a on p and R,. 

Concerning (1) we note the recent work of 
Zimm and Kilb.'» They proposed that the 
ratio of the intrinsic viscosity of branched 
molecule to that of a linear molecule of the 
same weight should be rather {R2(q)/R2(0)}1/2 
than {R?(q)/R2(0)}?-*, which we adopted. The 
other two assumptions (2) and (3) have never 
been examined quantitatively, but fortunately 
they should be valid at least for small radia- 
tion doses. This is one of the advantages of 
the theory at small radiation doses. 

Besides, we can point out the following 


Concluding Remarks. 


* Jn fact, Saito performed numerical evaluation 
of his expression (Eq. (10) in his paper III®) only 
for a=1/2 and a=1. For general values of a, 
numerical evaluation was made by the author.14) 
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merits; firstly that the present theory at 
small radiation doses enables us to analyse 
experimental data of a polymeric substance | 
whose initial distribution is not necessarily | 
Poisson-like; secondly in the sense that it — 
contains only g(2), but not g(qg\(q=3), which © 
is difficult to evaluate exactly. 

In view of our conclusion, accurate measure- 
ments of the intrinsic viscosity at small doses 
are very desirable. 
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Appendix: A Lower Limit of g 


By (8) we get the following expression: 


6 
2a, (+1) (mM) +2) 


We will estimate >'y,; following a probability- 
(K,0) 


(100? + 2a). (Al) 


theoretic argument. A molecule with 2 cross- 
link units has 2m+2 chain ends, and each 
crosslink unit has four branches. So the 
probability P that one of the four branches 
attached to a crosslink unit does not reach 
a chain end but another crosslink unit is 


4n—(2n+2) n—1 
An ~ On * 


If the molecule has no ring structure, a cross- 
link unit C; should be connected with another 
crosslink unit C; through only one chain. We 
will obtain an average value of 1;; the number 
of branches constituting the chain. 

By use of P, we obtain the probability P, 
that one of the branches attached to Ci reaches 
directly C;: 
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Pao a 2-2 m3 nA 
m—1l n-1 n—-1 n-1 
23.C,Pi= Py Cae mss 
n—1 n—-1 n-—-l1 
Bee Pad Spee Laie 
n— n—1 
+<C.P—Py : (A2) 


The first term represents the probability that 
one of the four branches reaches C; and the 
other branches other crosslink units. The 
second stands for the probability that one 
reaches C;, two other crosslink units, and the 
other a chain end. We should note that our 
approach leads to a finite probability that Ci 
does not connect with any other crosslink unit, 
namely that it is isolated. This is inconsistent 
with our starting point, since we have had 
a single molecular network in mind. But it 
is an inevitable failure of such a probability- 
theoretic approach as ours. It is clear, how- 
ever, that our approach must give a lower 
limit to the exact value of Dave Now we 


approximate (m—2)/(m—1), O2Bin= 1), and 
(n—4)/(n—1) by unity in (A2) for simplicity. 
It will be easily seen that this approximation 
still assures the evaluation of a lower limit. 
With this approximation (A2) reduces to 


12) Sa a a 
n—l wn 


(A3) 
which permits a naive interpretation. 

Similarly we can obtain P., the probability 
that yp 


erp! =" 4 pengiesd 
n—1 n—1 


ong ra Biel 4 
n—1 
(A4) 


Generally, the probability that v:;=k is given 
by 


(AS) 


P.=4P(4P— 1 
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Now the required quantity 2 Ver Can be ex- 
pressed as 


n—-1 
dF Ver=InCo Svs (A6): 
(k,l) K=1 


The factor 9 comes from the fact that a 
chain specified by crosslink units 7,7 should 
have weight 9 in the specification by means. 
of branches k and / belonging to the cross- 
link units 7 andj, respectively. The summa- 
tion yields 

Ss _ 9n{n—1) {1 i nee. (A7) 

(K,4) 4 n—2 n 
Substituting (A7) into (Al) and taking care 
of the relation m»=3n+1, we obtain 


lim g=s(1- 3e-?)=0.297. 


NM co 
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Ultrasonic Studies in Chemically Active Liquid Media 
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Using a pulse method the ultrasonic absorption has been studied in the 
frequency range of 2 to 10 Mc/s in dilute aqueous solutions of nitrogen 
tetroxide gas at room temperature. The absorption peaks (aA vs frequency) 
observed in this study are attributed to the ionic dissociation reaction of 


the nitrous acid into its constituent ions. 


The rate constants of the 


forward and backward reactions are calculated using the theory of Tabuchi. 
The variation of the logarithm of the rate constant of the bimolecular 
ionic reaction, namely, logio ky), with the square root of ionic strength 
qualitatively follows Brénsted’s theory for ionic reactions in solutions. 


Introduction 


§1. 

The factors that contribute to the absorp- 
tion of an ultrasonic wave as it propagates 
through a medium are, according to the clas- 
sical theories, shear viscosity, thermal con- 
duction and heat radiation in that order of 
importance. The coefficient of absorption a, 
due to viscosity and heat conduction increases 
as the square of the acoustic frequency ff. 
In other words ai, the absorption per wave- 
length, increases almost linearly with fre- 
quency. During the past few years many 
liquids and solutions have been encountered 
where ad instead of increasing linearly with 
frequency goes through a maximum at some 
frequency. At frequencies far away from 
this and on either side of it, a/f? remains 
constant as required by the classical theory. 
This behaviour is traced to the relaxation of 
the molecules of the liquid at that frequency. 
Various types of relaxation such as thermal 
relaxation and structural relaxation are en- 
visaged. Besides these, it is now realized 
that the presence of a reversible chemical 
reaction in a liquid medium can also give rise 
to peaks in ultrasonic absorption. Theoreti- 
cal considerations reveal that the frequency 
at which such a peak occurs is related to 
the rate of the reaction. In media where 
reversible chemical reactions are taking place, 
disturbances in the equilibrium between the 
various participants and products of the reac- 
tion may not be in phase with the changes in 


pressure produced by the sound wave, with 
the result that the absorption per wavelength 
ai passes through a maximum near a charac- 
teristic frequency f,. This is the case of a 
relaxation due to chemical reaction. 

Einstein” is probably the earliest to have 
interpreted the excess sound absorption in 
terms of relaxation due to a chemical re- 
action. Liebermann?) used the concept to 
explain the excess absorption in the aqueous 
solutions of magnesium sulphate. But, Freed- 
man) and independently, Manes?), have con- 
sidered the absorption of sound in liquid 
media in general chemical equilibrium. In 
the development of the theory they made 
some simplifying assumptions. For example, 
Freedman assumed that the volume change 
due to chemical reaction is zero. Recently, 
Tabuchi®? developed a more generalized theo- 
ry which connects the kinetics of chemical 
reaction with the dispersion and absorption 
of sound in liquids. He showed that if the 
necessary simplifying assumptions are made 
in his theory, the equations approximate to 
those derived by Freedman and Manes. An- 
other interesting feature of Tabuchi’s theory 
over that of Freedman and Manes is that it 
is extended to include the electrolyte solutions 
also. 


The present work deals with the study of 
ultrasonic absorption in aqueous solutions of 
nitrogen tetroxide. The peaks of absorption 
observed in this study are attributed to the 
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ionic dissociation of the nitrous acid. Ta- 
buchi’s theory is used to calculate the rate 
constants of the ionic reaction mentioned 
above. The essential equations of Tabuchi’s 
theory used in these calculations will now 
be given briefly. 


§2. Tabuchi’s Theory 


Let the molecules of the type A, B,---Q, 
R,-++ be contained in a liquid whose volume 
is v and assumed to be in the chemical equi- 
librium 

G-A-+b- B+-+>==q-Qt+r-R+ |) (1) 

An arbitrary molecule is denoted by 7 and 
nm; represents the number of moles of the 
molecule 7. When a sound wave passes 
through the liquid the total number of moles 
of each species changes periodically with 
time depending on the frequency. This is 
usually accompanied by change in volume as 
well as the internal energy. Taking into 
account these two factors, Tabuchi derives 
equations for the curves showing the vari- 
ation of the velocity and absorption with the 
acoustic frequency. He also connects the 
equations for these curves with the relaxation 
time rt, the rate constants k; and k, of the 
chemical reaction and arrives at the equation 

Anq Av E 

F +€& ; ~($q)AT=0 (29) 
where w is the acoustic circular frequency 
and E is the reaction heat at constant volume 
of the chemical reaction and % and & are 
defined as follows: 


X(1+ior) 


2 2 
ge wee 4 To (3) 
A Nas Qg ne 
and 
jase Ma-—>q, (4) 
‘A Q 
also 
ete i 
roe 
= a ie 5 
=Py-V 2 ny +7o°V a ome (5) 


in which 7, and 7, are the forward and back- 
ward reaction rates. The forward and back- 
ward reaction rates are related to the corres- 
ponding rate constants ky and k, by the equa- 


tions 
a b 
rary (BY, 0) 


Ultrasonic Studies in Chemically Active Liquid Media (1) 


2319 


Down Vien 
4, =k,( ——) (—*). 7 
sles ale aa} (7) 
In the application of this theory to electro- 
lyte solutions, the activity coefficients of the 
molecular species have to be used in the rate 
equations. This involves necessary changes 
in the equations given above. 
Fur a uni-univalent electrolyte dissociating 
into two ions such as 
YW eC 
where a=1; b=1; c=1; the valencies Z,=0; 
Zs=1; Zo=—1 the general equations are re- 
duced to 
1 1 1 
x=( ie 35 


NA Npr nNo- 


) be ee (8) 


é@ 
Npt+No- 
and 


(9) 


In equation (8) f.. represents the mean activity 
coefficient of the ions B+ and C-. 

Tabuchi further derives an equation for 
the complex velocity of sound in terms of 
the static isothermal compressibility, the 
density and the heat capacities Cp® and C;° 
of the solution at zero frequency and Cp and 
Cy at infinite frequency of sound. The heat 
capacities are related by the equations 


i =ky-n4-% 
& 


Cp ae +Cp, (10): 
E? 

= > 

Cy RT'x +Cr , (11) 


where W is a complicated function involving 
the partial molar volumes of the components. 
of the reaction. He ultimately connects the. 
characteristic values of the ultrasonic absorp- 
tion curves (i.e. ad vs w curve) with the 
parameters defined previously. Thus he gets. 


o max=(Cp’Cy*/CeCy)?/c , (12). 
and 
Cy°Cp—CpCy 
(Cp°Cy°CpCy)? * 


(a2) max =7/2 (13) : 


§3. Experimental Technique 

In this work, the pulse method of Pellam 
and Galt® is used with some modifications. 
Instead of a reflector on the receiving side 
another identical x-cut quartz crystal is used 
as a receiver of the traversed ultrasonic beam. 
The experiment is performed at four fre- 
quencies, namely 2.12, 3.23, 6.36 and 10.61 
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Mc/s. As observations are confined to the 
Fresnel region of the ultrasonic beam, frequ- 
encies below 2 Mc/s could not be employed. 

A schematic diagram of the experimental 
arrangement is given in Fig. l. 

Nitrogen tetroxide gas is produced from 
dilute hydrochloric acid and sodium nitrite. 
The gas thus obtained is passed through 
distilled water. The strength of the solution 
is determined by titration using a standard 
potassium permanganate solution. The titra- 
tion carried out before and after an ultrasonic 
observation does not differ by more than 2 
percent. Only dilute solutions have been 
used in this work to ensure constancy of 
concentration during the observations and 
also to avoid bubbles of gas forming within 
the liquid under ultrasonic excitation. It is 
estimated that the error in the measurement 
of absorption is smaller than -£5 percent. 


TRANSMITTING RECEIVING 
CRYSTAL 


CRYSTAL 


Fig. 1. Schematic diagram of the experimental 
arrangement. 


$4. Results 


The ultrasonic absorption a, is determined 
at various concentrations of the aqueous so- 
lutions of nitrogen tetroxide gas at 2.12, 3.23, 
6.36 and 10.6 Mc/s and at a temperature close 
to 28°C. Curves connecting a/f? and con- 
centration are drawn for each frequency. 
Values of a/f? are read out from these 
graphs for representative concentrations. For 
theoretical analysis of the results the excess 
absorption, (i.e., absorption over and above 
the classical contribution due to viscosity, 
heat conduction etc.) should be considered. 

It is interesting to note that the ultrasonic 
velocity of the solution at any concentration 
is not significantly different from the velocity 
in the solvent even though the absorption is 
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considerable. Fig. 2 shows the behaviour 
of ad vs frequency at various concentrations. 
It is seen from this figure that the frequency 
of peak absorption increases with increasing 
concentration up to a limit after which it is 
independent of concentration. Preliminary 
results of this work have been reported 
earlier” . 


29 


t (Mc/s) —4 


Fig. 2. Dependence of ad, the ultrasonic absorp- 
tion per wavelength, on f, the frequency, in the 
aqueous solution of N2Os at various concentra- 
tions (moles/litre). 


§5. Discussion of the Results 


Krishnamurthi® found a similar relaxation 
phenomenon in the case of aqueous solutions 
of sulphur dioxide near about 6 Mc/s. On 
the other hand, non-aqueous solutions of sul- 
phur dioxide do not show such a relaxation 
thus excluding the possibility that the pure 
gas is causing the relaxation. The relaxation 
effect in the aqueous SO, solutions is, there- 
fore, attributed to a dynamic chemical equi- 
librium between H.SO; and H+ and HSO,- 
ions. 

Nitrogen tetroxide gas has been thoroughly 
studied by Richards and Reid®)!” and it is 
known to exhibit a frequency of peak ab- 
sorption in the region of 400 Kc/s as compared 
to about 1 Mc/s for SO, gas. In aqueous 
solution, N;O, undergoes a chemical change 
and a dynamic equilibrium™ is set up as 
indicated by the equation II given below: 


N.0,+H:.0 — HNO.+HNO,; I 
HNO, ae H*++NO,-. II 
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On an analogy with SO, solutions the 
aqueous solutions of N.O, also must exhibit 
peaks of absorption. It is indeed the case 
(Fig. 2). Thus the relaxation effects observed 
in the case of the aqueous N,O, solutions are 
attributed to the reversible chemical reaction 
II mentioned above. 

As an additional check to show that the 
nitrite ion is causing the relaxation, the ultra- 
sonic propagation in the aqueous solutions of 
sodium nitrite has been studied in the fre- 
quency range of 2 to 26 Mc/s. The results 

of this study are given in Table I. It is 
seen from this table that for any concentra- 
tion of the aqueous solution of sodium 
nitrite, the absorption coefficient a/f? is not 
a constant for different frequencies in the 
| range 2 to 10 Mc/s, thus indicating a relaxa- 
tion effect in these solutions also in that 
frequency range. 


Table I. Ultrasonic velocity and absorption in the 
aqueous solutions of sodium nitrite (29°C). 


S| a/f? in 10-14 db metre-! 
BN ry i Mas sec? at frequencies 
eas ee |e f (Mc/s) of 
Reo ass Se B 10.61, 
eS ORS BY le covets, 0 
gS A MS By ll? || aos || (Dose aad 
So) TAS) sre; 
1.0 1.060 | 1542 267 | 182] 82 25 
0.8 1.048 | 1533 Pass || ~llgstsy|| aLoyff 20 
0.6 1035 |) 1527 162 93") 42 18 
0.4 1.021 1521 111 48 | 25 17 
OFZ 1.008 | 1512 67 26: |) “17 Le 
0.0 0.996 | 1503 16 16] 16 16 


§6. Ultrasonics and Fast Reactions 


The chemical reactions which take place 
between ions generally proceed very rapidly 
' and are commonly called instantaneous re- 
} actions. The conventional chemical and 
physical methods of following the reactions 
‘ are unsuitable in such cases. In addition, 
the usual methods of initiating a reaction by 
) mixing becomes inadequate. One has to re- 
+ sort to indirect methods for measuring such 
' fast reaction rates. One possibility is the 
use of ultrasonics for such a study. 

When a chemical equilibrium exists in a 
solution, it can be disturbed by a rapid vari- 

ation of pressure or temperature of the medi- 
' um. The speed of the chemical reaction 
| determines the extent to which it can keep 
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up with this variation and observations can 
be made either directly or indirectly on the 
subsequent shifting of the equilibrium which 
proceeds with a finite time lag. This type 
of method (called the relaxation method) 
seems to be one of the most promising for 
investigating extremely fast reactions. Ultra- 
sonic data have been used in the calculation 
of reaction rates of ionic reactions in aqueous 
solutions by some of the previous workers. 
The work done on the aqueous solutions of 
magnesium sulphate by Bies!”, manganous 
sulphate by Kor and Verma’ and ammonia 
by Eigen and Schoen'?) may be mentioned 
in this connection. 

It is stated earlier that Tabuchi worked 
out the theory for determining the speed of 
a reversible chemical reaction from a study 
of the ultrasonic absorption and velocity. 
His theory is used here for finding the rate 
constants of the reaction II mentioned earlier. 
The method of arriving at the various para- 
meters required in the evaluation of the rate 
constants will be given briefly. 

The heat of reaction E for the ionic dis- 
sociation reaction is given in the internation- 
al critical tables (Vol. V; p. 178, 1929). The 
degree of dissociation, 6 can be calculated 
from the equilibrium constant K given in 
the International critical tables (Vol. VII; p. 
239, 1929) by means of the relation 

ee O?-¢-fez | 
(L220) 
where fs is the mean ionic activity coefficient. 
The mean ionic activity coefficient follows 
from the well-known Debye-Hiickel’s theory 
and is given by 


05Va 
— login f+= 98VE oy , 


where yz is the ionic strength of the solution 
being equal to c(6+1) for a concentration of 
c moles per litre. Since K and fs both in- 
volves the degree of dissociation, we can 
calculate 6 by the method of successive ap- 
proximations. Since fs is nearly unity, a 
rough value of 6 is determined from K by 
putting f+=1. This value of ¢ is used to 
calculate f+. The process is repeated till fx 
and 6 remain constant. The values of mu, 
np and mg are obtained from the expressions 
na=(1—4d)c and nmg=No=Cc0. 

The heat capacities Cp? and Cy° of the 
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solutions at zero frequency are taken to be 
the same as those for water as we are dealing 
with dilute solutions. In these calculations 
Cp® and C,° are expressed in heat capacities 
per mole of HNO:. 

The value of X% is calculated from equation 
(8) and is used in equation (11) for the evalu- 
ation of C;, the heat capacity at constant 
volume for infinite frequency of sound. 

Since the formula for Cp in equation (10) 
involves some uncertain parameters like the 
molar volumes of the ions taking part in the 
reaction, an indirect method of calculating 
Cp is adopted by the use of equation (13) 
where all the quantities are known except 
Cp. This equation uses (a@A)max in nepers 
while the curves (Fig. 2) give ad in decibels 
and are to be converted to nepers. 

From (12) the relaxation time of the chemi- 


Table II. 
§ @ evel] Bet é 0 
aE | SB seecee il pee gt | Oe salut 
of2a| gf | 82./ $8 | gee] as 
ore | be | oe | ae ee |e 
aoe LG ie) Re Oss 7 = 
8 3 mee S 3) So 4 fy 5 
0.05 OSE OsSO02 |. 2a62 2.70 46.89 
0.04 Oe 2Za Os S2o ue ee, 2.70 46 .90 
0.03 Opa Sp OLCSOnl 2802 PETA 46.91 
0.02 0.168 | 0.860; 1.50 2.70 46.92 
0.01 0.221 | 0.892 | 0.86 ZEDS 46.93 
0.005 0.290 | 0.918] 0.37 PALAY 46 .94 
0.0025 | 0.377] 0.938] 0.19 1.80 46.94 
0 2 os a = a 
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cal reaction is evaluated and finally used in 
the equation (9) to calculate the rate constant | 
ky of the forward reaction. The rate constant © 
k, of the reverse reaction can be anes 
Le 
Ris 
The following values are used in the calcu- 
lations: 


from the equilibrium constant K= 


— 3345 cal/mol 
47.02 g 
0.0005 mol/litre 


Heat of reaction 

Formula weight (HNO,) 

Equilibrium constant 

Cp, Heat capacity per 
mole of HNO, 

C,°, Heat capacity per 
mole of HNO, 

Temperature 


46.96 cal/mol-deg. 


46.35 cal/mol-deg. 
301°K 
The various parameters used in the calcu- 


lations and the rate constants are given in 
Table II. 


Aqueous solutions of N2O, (28°C). 


Ei a rer Pea a es 
Ss Seis olsen, = = 
& Xa [XB / SES) > | os 
8 ee “ae = 
46.20| 402|5.91| 9.55] 1.91 | 0.236 | 9.281 
46.22 | 461|5.91| 10.5] 2.11 | 0.212 | 9.324 
46.24] 548| 5.91} 12.0] 2.40 | 0.185 | 9.380 
46.27| 701|5.90]14.5| 2.90 | 0.153 | 9.462 
46.30 | 1084 | 6.25 | 19.0} 3.79 | 0.111 | 9.579 
46.32 | 1719 | 7.24 | 22.1| 4.43 | 0.080 | 9.646 
46.33 | 2836 | 8.84} 25.6| 5.02 | 0.059 | 9.701 
yr] slo erl ee HG) a hee eee Ae 


The influence of the ionic strength » on 
the velocity coefficient of a bimolecular re- 
action between charged particles in solutions 
is given by the equation (14) due to Bron- 
sted’), namely, 


ky = 
logie( 5") =q:Z4:Zp Vi > 


where k, is the velocity coefficient correspond- 
ing to zero ionic strength, Z, and Z, are the 
valencies of the reacting ions and q is a 
constant given explicitly by the theory of 
interionic attraction proposed by Debye and 
Hiickel. For aqueous solutions at room tem- 
perature the value of q is nearly unity. In 
fact, at 29°C, q is equal to 1.025. 

The theory thus implies that the logarithm 


(14) 


O 005 O10 AS 020 025 030 ve 


Fig. 3. Variation of logio ky with the square root 
of the ionic strength, », of the aqueous solutions 
of N2O.. The solid line is expected according 


to theory. The observed values are represented 
by (0). 
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of the velocity coefficient is a linear function 
of the square root of the ionic strength, the 
gradient being positive for reactions involving 
two ions of like sign and negative in the 
case of two ions of unlike sign. Further, 
the theory requires that the gradient should 
be nearly unity at room temperature when 
the reaction is between two univalent iuns 
in aqueous solutions. 

Fig. 3 represents the variation of log, 
k, with the square root of the ionic strength 
of the solutions studied in this work. It 
should be noted that in calculating the ionic 
strength of the solutions one should consider 
the valencies and concentrations of all the 
ionic species present in the solution. The 
chemical equation I given earlier shows that 
when N.O, is dissolved in water both HNO, 
and HNO; are produced in equimolar quanti- 
ties. While HNO, is weakly ionized, HNO, 
is completely ionized. These factors are 
taken into consideration in calculating the 
ionic strength of the solutions given in 
Table II. 

The decrease of logio k, (Fig. 3) with the 
increase of the ionic strength indicates that 
the reaction involves two ions of opposite 
sign. The solid line represents the theoreti- 
cally expected line according to equation (14). 
The value of k of this equation is found by 
the extrapolation of the graph between bk, 
* and the concentration of HNO,. It can be 
' seen from the graph that the experimental 
values show near agreement with the theory 
only at very low dilutions. In some cases 
of slow ionic reactions, it has been observed 
that the variation of logiok, with the ionic 
strength at low dilutions can be represented 
(reference 15 p. 110) to within +20 per cent 
by Bronsted’s equation (14). The study of 
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fast ionic reactions is a subject of recent 
origin and until more experimental data ac- 
cumulate it is not possible to compare the 
experimental results with the existing theory. 
However, it may be concluded that the vari- 
ation of the reaction rate of fast ionic reac- 
tions qualitatively follows the predictions of 
the theory. 

This work was carried out at the Physical 
Laboratories, Osmania University, Hyde- 
rabed. The authors thank Professor S. 
Bhagavantam for suggesting the problem and 
for his encouragement during the progress 
of this work. 
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A new method for determining the real and imaginary parts of bulk 
modulus of polymers and other solid materials is represented. The method, 
as is called ‘‘suspension method’’, consists of measurements of sound 
velocity and attenuation in a suspension of powders and is superior in 
experimental accuracy to the existing method which essentially consists 
of the comparison of longitudinal and shear wave measurements. The 
new method has also a merit in the applicability to the sample in powdery 
state. 

The results are given for styrene-butadiene rubber, natural rubber, 
polyethylene, polypropylene, polytrifluoromonochloroethylene, paraffin and 
yeast cell, among which styrene-butadiene rubber is most fully investi- 
gated. From these results, the followings are concluded: In the primary 
dispersion of amorphous polymers, the relaxation strength is of the same 
order of magnitude for bulk and shear moduli, and moreover, relaxation 
times, their distribution and temperature dependence have no appreciable 
discrepancy between two moduli. In the case of crystalline polymers, 
the mechanical dispersions are quite different between the power samples 
which have undergone no treatment after polymerization and the ones 
moulded from the powder. 


Nomenclature 

K’', K'’: Real and imaginary parts of complex bulk modulus of a solid, 
respectively. 

G’, G’: Real and imaginary parts of complex shear modulus of a solid, 
respectively. 

Ki: Real part of bulk modulus of a liquid. 

QP, pi: Density of solid and liquid respectively. 

M1: Shear viscosity of a liquid. 

Vee: Sound velocity in suspension and liquid, respectively. 

a, ay: Attenuation coefficient of sound in suspension and liquid, re- 


spectively. 
Cc Volume fraction of solid particles in a suspension. 
a Average radius of particles. 
af: Frequency of sound. 
A 


w=2nrf. 
: Wave length of sound. 
Vi, Vs: Longitudinal and shear wave velocities in a solid, respectively. 
Oy Qs: Longitudinal and shear wave attenuation coefficients in a solid, 
respectively. 
$1. Introduction 


contradictory. For the primary dispersion 


The fact that there is a viscous energy- 
dissipating mechanism associated with pure 
volume deformation for many gases and 
liquids has been firmly established recently. 
In the case of polymers the information on 
this subject is not so extensive and rather 


region of amorphous polymers, there exist 
three kinds of opinion about the relaxation 
of bulk modulus. Marvin et al. have found 
the relaxation phenomena of bulk modulus 
to be of comparable order of magnitude with 
shear modulus in both relaxation strength 
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and relaxation time, whereas Nolle and 
Sieck,” Cunningham and Ivey® have found 
that the relaxation strength of bulk modulus 
is much smaller than that of shear. Recently 
Kono” said that the relaxation strength is 
of the same order of magnitude for both 
moduli, but the relaxation time and its 
temperature dependence are quite different 
and accordingly different molecular mecha- 
nisms should be associated with volume and 
shear deformations. A recent theory by 
Nakada® supports the results by Marvin on the 
whole, though Nakada has pointed out a 
small difference in the relaxation mechanism 
between bulk and shear moduli. 

There is a basic experimental problem in- 
volved in obtaining these data of complex 
bulk modulus. All the informations above- 
mentioned come from a comparison of the 
velocity and attenuation of shear waves (gov- 
erned by the shear modulus, G) and longitu- 
dinal waves (governed by both the shear and 
bulk moduli, K +4G/3). Since the attenuation 
of shear waves in polymers is generally very 
large, the observed values of velocity and 
attenuation are likely to include appreciable 
errors. When combined with longitudinal 
wave measurement, therefore, the calculated 
imaginary part of bulk modulus very prob- 
ably has a large scatter. 

For example, a set of values— V,;=1945 m/s, 
a,= 0.94 nepers/cm, p=1.00g/cc, f=100Mc/s— 
results in /K’=3.0< 10", G’=0.6«10", K’= 
1.0x10°, G’=0.9x10° dyn/cm?, when com- 
bined with V;=775m/s and a;=6.1 nepers/cm. 
On the contrary, the same values give K’= 
2.8x 10°, G’=0.8x10", K'’=0 and G’’=1.6x 
10° dyn/cm?, when combined with V,;=880m/s 
and a;=7.5 nepers/cem. In fact, a scatter 
of this order of magnitude in the shear wave 
data is very probable to occur and yet the 
conclusions about K’’ are quite contradictory: 
K'"'=G" from the former data and K'’KG” 
from the latter. 

From this reason, in order to deduce any 
reliable conclusion, it is necessary to measure 
directly the real and imaginary parts of 
bulk modulus of a sample. A few attempts 
to this purpose have been made, using a 
transient technique” and a dynamic one." 
But, up to this time at least, the published 
results are rather scanty. The present paper 
represents a new method (which we call the 
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“suspension method”) for the direct determi- 
nation of complex bulk modulus of polymers 
and other solid materials, with some results 
for rubbers, crystalline polymers, paraffin 
and yeast cell in its living state. 


§2. Suspension Method 


The new method described here is based 
on the fact that, when sound waves propa- 
gate through a suspension, suspended particles 
undergo only volume deformation on account 
of the lack of shear elasticity in a liquid. 

Urick® has shown a simple theory on the 
sound velocity in a suspension of finely 
divided solid particles whose density is similar 
to the suspending liquid. According to him, 
when the radius of particle is much smaller 
than the wave length, the velocity becomes 

Se eh 

V=| (ode) rec V E+E TS (1) 

When c is small, the above equation can be 


m/s 
1200 }--—— /- 
1190 
1180 Vi Teall 


3) 10) Ks) 
VOLUME % 

Fig. 1. Sound velocity at 1 Mc/s in polymethyl 
methacrylate suspension in methyl alcohol (10°C). 
Particles are perfectly spherical with average 
radius of 40u. Solid line represents calculated 
values from Eq. (3), in which K’ is estimated 
from longitudinal and shear wave velocity in a 
moulded plate of the polymer. 


2326 


expanded as 


1 /K’-k, 0-0 
vav[1+5( mo Je], (2) 
where Vi=(Ki/0,)'/?. 

Urick and Ament!” have extended © the 
theory to a more general case, where the 
particle and liquid are different in density 
and accordingly they oscillate in a sound field 
in different phase and amplitude. Assuming 
particles to be spherical, the velocity is 
given by 


Seed) 


where uw and v are functions of o/o, and Ba 
(8=V wo,/2y:) and graphically given in the 
original paper. 
Eq. (3) is experimentally verified by the 
present authors as illustrated in Fig. 1. 
For a dilute suspension, Eq. (3) can be 
approximated as 
1/K'-K, 
V= via 2 ( a w)e| 
Using Eq. (4) we can obtain the real part of 
bulk modulus of the particle from the meas- 
urement of sound velocity in a suspension. 
Our primary concern, however, is with the 
imaginary part of bulk modulus. One of the 
present authors!” has pointed out in an in- 
vestigation of the attenuation of ultrasonic 
waves in a suspension of viscoelastic spheres 
that some parts of the attenuation should be 
attributed to the dynamic loss associated 
with volume deformation of particles, while 
the other parts are due to the well-known 
effects: the scattering of sound by particles 
and the viscous drag effect. The expression 
of attenuation coefficient due to the dynamic 
loss of particles, a,, can easily be obtained 
as follows: When K’ and V-! in Eq. (2) are 
substituted by complex quantities, K’+7K"’ 
and V-!—ia;,/w respectively, it follows under 
the assumption K’’< Kk’ 
a) KK" 
a= bee C5.) 
Eq. (5) is of course only valid under the 
same assumptions as for Eq. (2). A more 
general theory by Okano”, however, has 
revealed that the same formula applies also 
to the case where o and g, are not similar. 
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Taking into consideration all the origins 
of attenuation, the total attenuation coeff- 
cient of a suspension can be written as 

A=A;+As+Qy+ae, (6) 
where a; and a, are contributions from scat- 
tering and viscous drag effect respectively. 
Since a; and a, can be evaluated under some 
reasonable assumptions from the following 
equations respectively;'* '* 


“= (a)Y) 13 we) tpn) Je 


and 
9 ral O—?P1 ‘s 
a =( o ) 4Ba\ Ba Os iil sey (8) 
2V {2-(14 2) 4 Petes oy 
4Ba Ba 201 4Ba 
we can obtain a,;, and hence K”, 
observed value of a. 

If the shear viscosity of the liquid medium 
is much smaller than the volume viscosity of 
the particle K'’/w, a, becomes a negligible 
fraction of a. Furthermore, if the frequency 
of sound is so low that a/A is small enough 
compared with unity, a; also can be neglected. 
Under these conditions a, becomes nearly 
equal to (a—a,). In fact this is the case 
with a suspension of polymer particles in 
water or alcohol measured by the sound 
whose wave length is more than twenty times 
the particle radius. 

For Eqs. (4) and (5) to be a good approxi- 
mation, the following conditions are required: 

(1) The wave-length of sound waves must 
be large enough compared with the particle 
radius. Though a theoretical criterion is not 
attained here, experiments show the condi- 
tion a@/AS0.05 to be satisfactory to the above 
requirement. For particles of radius ly, for 
example, the upper limit of frequency is 
about 50 Mc/s. The lower limit of frequency 
depends on the available quantity of the 
suspension. If only one litre of a suspension 
is available, the frequency perhaps cannot 
be extended to lower than several hundreds 
kilocycles per second. In the low frequency 
range, the standing wave tube technique 
may probably be useful. 

(2) The shape of particle must be spheri- 
cal or nearly spherical, so that the particle 
may undergo uniform dilatation and compres- 
sion in a sound field. The irregularity of 
the surface of particle might prevent sound 


from 
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pressure from applying in equal phase and 
intensity to the whole surface. This unfavor- 
able effect of surface irregularity is depress- 
ed at low sound frequencies. 

(3) The concentration of the suspension 
must be so small that the linear relation of 
both velocity and attenuation against concent- 
ration may hold. Within this restriction, 
however, concentration as large as possible 
is desirable for the precise determination of 
(V—V,)/ic and (a—a,)/c. One must make, 
therefore, a preliminary test as to the con- 
centration dependence of velocity and attenu- 
ation and decide the most appropriate con- 
centration. 

(4) The liquid medium must have a good 
affinity to the particle. If not, microbubles 
of air on the particle-liquid interface and 
coagulation of particles might cause an ap- 
preciable error. Of course, dissolution or 
swelling of particles by the liquid is also 
undesirable. 

The suspension method described here 
affords a new method for measuring dynamic 
mechanical properties of powder materials, 
whether polymeric substances or not. No 
technique for this purpose has been developed 
as yet, according to the authors, before this 
work. 


§ 3. Experimental Technique 


A pulsed compressional wave was generated 
and received in a suspension by a pair of X- 
cut quartz transducers. A schematic diagram 
of the apparatus is illustrated in Fig. 2. The 
receiving crystal was moved by a calibrated 
screw drive so that the change in distance 
between the transducers could be read within 
1/100mm. The crystals used were of suffi- 
cient cross section to insure a well collimated 
plane wave and no correction for the diver- 
gence of beam was necessary. 

The wave velocity was determined from 


CRYSTAL | MULTIVBR D.C. Rie ee 
Geena! t (5kcA) PULSE | PULSE 
WIDE-BANDI. [CALIBRATE D| 4 
SWEEP HH amp. [ATTENUATO 
= a 7 
at 


RECEIVER TRANSMITTER 


BATH 


Fig. 2. Block diagram of apparatus. 
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the amount of displacement of the receiving 
crystal which gave a shift of ten micro- 
seconds to the received signal on the oscil- 
loscope. In purpose of obtaining an accuracy 
within 0.1%, the time axis of the oscilloscope 
was exactly synchronized by a 100kc/s quartz 
oscillator and the carrier wave of the received 
pulse, not the envelope of the pulse, was dis- 
played on the oscilloscope screen. The change 
in relative distance between the crystals 
results in a change in the received pulse 
height. By compensating this change by use 
of a calibrated attenuator, the attenuation 
coefficient in a suspension was obtained. 

Measurements were made at 1/3, 1 and 3 
Mc/s, in the temperatures above 0°C for 
water suspensions and above —70°C for 
alcohol suspensions. The temperature of 
suspension was controlled by a liquid bath 
surrounding the sample vessel. As a bath 
liquid, water and alcohol-dry ice mixture 
were used above and below the room temper- 
ature, respectively. A continuous stirring 
of the suspension was necessary not only to 
insure a temperature uniformity throughout 
the suspension, but also to avoid settling 
under gravity. 

In order to calculate K’ and K’’ from the 
sound velocity and attenuation in a suspen- 
sion, the values of K,, a, 0 and o, at each 
temperature are also required. KA, and a, 
were determined from the sound velocity and 
attenuation in a suspending liquid, measured 
following the same procedures as a suspen- 
sion. The density of particle and liquid was 
measured at 20°C by the pycnometer method, 
and the thermal expansion coefficient was 
determined by a dilatometer, the details of 
procedures having been described elsewhere.** 
The shape and average radius of particles 
were examined from microscopic observation. 

In the case of styrene-butadiene rubber, 
polyethylene and _ polytrifluoromonochloro- 
ethylene, the measurement of sound propaga- 
tion was also made for a_ plate-shaped 
sample moulded from particles. This ex- 
periment was performed using the same 
apparatus as the suspension method, by in- 
serting the plate in the path of the sound 
beam. Details are seen in a literature.* 
From the velocity and attenuation in a plate, 
the modulus and loss factor were calculated 
by the well-known equations: 
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§ 4. Styrene-butadiene Rubber 


The original form of styrene-butadiene 
rubber sample used in this study was a latex 
of 50% concentration. The concentration was 
determined by perfectly drying the latex at 
80°C, lcm Hg. The radius of particles is 
less than 1 micron. Diluting the latex by 
distilled water, the concentration dependence 
of sound velocity and attenuation was meas- 
ured. The result showed that both velocity 
and attenuation have a linear relation to 


m/s 
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Fig. 3. Sound velocity versus temperature in 
aqueous suspension of styrene-butadiene rubber 
C— iia 
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concentration below 20%. A suspension of 
11.1% volume fraction was therefore used as 
a sample. 

The temperature dependence of velocity 
and attenuation of the suspension is illust- 
rated in Figs. 3 and 4. From the smoothed 
curves in Figs. 3 and 4, K’ and K” are 
calculated using Eqs. (4) & (5) respectively, 
as shown in Fig. 5. 

The broken lines in Fig. 5 show for com- 
parison Cunningham and Ivey’s data® of K’, 
G’ and G"” at 1Mc/s for GR-S which is a 


ae 


oO 
= 


° 
\ 
| 


1/3Mc 
The p— | 
°C 40 60 
Fig. 4. Attenuation of sound in aqueous suspen- 
sion of styrene-butadiene rubber (¢-=11.1%). 
Attenuation in water is negligibly small. 


1 O° dyn/cm? 10? dyn/cm? 


K’, G’ K’,6" 


5 


20 40 60 


Fig. 5. Real and imaginary parts of bulk modulus 
of styrene-butadiene rubber. Broken lines show 
Cunningham-Ivey’s data for GR-S at 1 Mc/s. 
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sort of styrene-butadiene rubber. Comparing 
K" of the present study with Ginwit tis 
evidently seen that the relaxation strength 
is of the same order of magnitude for volume 
and shear deformation. On the other hand, 
the peak temperature seems at first sight to 
be quite different for K’’ and G”’; the peak 
of K"’ at 1 Mc/s is higher than that of G!’ 
by 27° at the same frequency. This dis- 
crepancy, however, should be attributed to 
the difference in styrene content between 


10'dyn/cm? 
4 


10° dyn/cm? 
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Is) 
K’+4/3+G" 


O 20 40 60 
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Fig. 6. Real and imaginary parts of K+4G/3 of 
styrene-butadiene rubber at 1 Mc/s. 
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GR-S and the present sample. The glass 
transition temperature T, is —61°C for GR- 
S,° whereas T, of the present sample deter- 
mined from volume dilatometry is —27°C, 
being 34° higher. The higher peak temper- 
ature of K"’ accordingly might be due to the 
higher styrene content of our sample. 

The validity of this prediction can be 
verified from the following experiment. Fig. 
6 shows the real and imaginary parts of K+ 
4G/3 at 1 Mc/s obtained from the longitudinal 
wave propagation in the rubber plate made 
of the latex used in the present investigation. 
The peak temperature of K’’+4G’//3 is 13°C 
in agreement with K”’ in Fig. 5. The peak 
value of K’’+4G’'/3 is about twice larger 
than K’’, hence K’’ and G”’ are of nearly the 
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Fig. 7. Real and imaginary parts of bulk modulus 
of styrene-butadiene rubber multiplied by verti- 
cal shift factor plotted against frequency in 
logarithmic scale. 
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Fig. 8. Reduced curves of K’ 
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and K" of styrenebutadiene rubber (7 )=20°C). 
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same magnitude at their maxima. It may 
now be quite safely concluded, therefore, 
that the transition region lies at the same 
temperatures for bulk and shear moduli. 

Now we shall apply the well-known reduc- 
tion scheme of Ferry!” to the present results. 
Fig. 7 shows K’ and K’’ multiplied by the 
vertical shift factor oo.7)/oT, plotted against 
frequency in logarithmic scale. The reduced 
curves at 20°C are obtained in Fig. 8 by the 
horizontal shift, in which the same reduction 
factor was employed for K’ and K”’. 

The frequency range of the reduced curves 
is not broad enough to allow a precise con- 
clusion as to the relaxation spectrum. But 
it may be noted here that, in the low fre- 
quency side of the K’’ curve, K”’ is propor- 
tional to square root of the frequency. This 
behavior should result in a wedge-type 
relaxation spectrum of slope 1/2, as is widely 
observed in shear deformation of rubber.'® 

The reduction factor ar is plotted against 
temperature in Fig. 9. The curve is best fitted 
by Williams-Landel-Ferry’s equation:!® 


LOGio Or 


O 20 °C 40 

Fig. 9. Reduction factor ar for bulk modulus of 
styrene-butadiene rubber plotted against temper- 
ature (7>=20°C). Solid line represents Williams- 
Landel-Ferry’s equation (Ts=20°C), 
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ons8:86C is) 

101.6+(T—Ts)’ 
when 7’; is chosen as 20°C. This Ts value 
is 47° higher than 7,. The factor ar may 
be differentiated to give the apparent activa- 
tion energy H=Rd(logaz)/d1/T). H is 34 
kcal/mol in this case. 


log 10a@r= (13) 


17 T (10%) 


Fig. 10. Reduction factor for bulk modulus of 
styrene-butadiene rubber plotted against reci- 
procal of absolute temperature (T>=20°C). 


All the above-mentioned behaviors about 
the bulk modulus, i.e. the relaxation strength, 
relaxation times, their distribution and tem- 
perature dependence, are quite similar also 
in the case of the shear modulus. Within 
the precision and frequency range available 
in this work, there is no appreciable discrep- 
ancy between the relaxation mechanisms of 
volume and shear deformation, hence the 
molecular mechanisms involved also should 
be of nearly the same character. 


§5. Natural Rubber 
The original form of natural rubber suspen- 
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sion used in this study was a latex of 50% 
concentration, the particle radius being 1 
micron or less. The latex was diluted by 
distilled water to 10% volume fraction. Since 
| the transition region of natural rubber, when 
measured even at megacycles range, lies 
i below 0°C, the result is rather incomplete 
jas is illustrated in Fig. 11. 
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Fig. 11. Real and imaginary parts of bulk modulus 


of natural rubber at 1 Mc/s. Broken lines indi- 
cate Cunningham and Ivey’s data®) of natural 
rubber at 1 Mc/s. 


| It may be safely said, however, that the 
| prediction by Cunningham and Ivey,” K’’<G"”’ 
}at transition region, might not be the case. 
_ The present result rather suggests that A’’ 
is of the same order of magnitude as G’’, as 
is the case with styrene-butadiene rubber. 


§6. Polyethylene 


Many of the crystalline polymers, such as 
Ziegler polyethylene, polypropylene, fluorine- 
containing polymers etc., are originally poly- 
-merized into a shape of fine powders. The 
suspension method described in this paper 
can well be applied to the determination of 
viscoelastic properties of these materials. 

Ziegler polyethylene powders, sifted from 
coarse grains by a 100 mesh sieve, were 
suspended in methyl alcohol, volume con- 
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centration being 6.5%. Particles are nearly 
spherical in shape and the average radius is 
about 30 microns. The values obtained are 
illustrated in Fig. 12. One sees that K’/K’ 
has a remarkable maximum at —35°C. 


101 


10-dyn/en? 


Fig. 12. Real part and loss factor of bulk modulus 
of Ziegler polyethylene powder at 1 Mc/s. 


Many investigations have so far been per- 
formed on the dynamic mechanical properties 
of polyethylene.” It is a well established 
fact that polyethylene exhibits three disper- 
sion regions, labeled as a, 8 and 7 descending 
from higher temperatures. When measured 
at 1 Mc/s, three peaks of the loss factor are 
expected to appear in the vicinity of 80°, 20° 
and —65°C, respectively. In case of Ziegler 
polyethylene, the @ peak is very slight, often 
undetectable because of its high crystallinity. 
Of course these date have been obtained for 
moulded samples and mostly for shear deform- 
ation. 

The dispersion phenomena of polyethylene 
powder in Fig. 12 is quite unexpected from 
these previous data. In the present case the 
B and y peaks completely disappear and 
instead a new one reveals itself in the vicinity 
of —35°C. This variation cannot be consider- 
ed to come from the peculiarity of the present 
sample, nor from the different mechanisms 
involved in volume and shear deformations. 
The reason is in what follows. When our 
powder was moulded into a plate and the 
longitudinal and shear wave propagations in 
the plate were measured, the 7 peak clearly 
appeared both for (4A’’+4G’’/3)/(K’+4G'/3) 
and G’'/G' at —65°C (see Fig. 13). 

From these results, we may conclude that 
the virgin powders of polyethylene which 
have not undergone any treatment after poly- 
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merization is quite different from the moulded are shown in Fig. 14. 

block in mechanical behaviors and accordingly The data available about the mechanical 
in molecular arrangement. In this connec- properties of this polymer is at this time so 
tion the studies of other types of behavior scanty, therefore no discussion will be given | 
of the powder, such as dielectric, thermal, here. H | 
nuclear-magnetic and the like, is very desir- | 

able. §8. Polytrifluoromonochloroethylene 
E Polytrifluoromonochloroethylene powders 
(0. dyn/er? used in our experiment is about 25 microns 
in average radius, being not spherical in 
shape. The powders, after separated from. 
0.08 coarse grains by a 100 mesh sieve, was sus- 
pended in methyl alcohol at volume fraction 
of 3.0%. The results are given in Fig. 15. 
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Fig. 15. Real part and loss factor of bulk modulus 
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Ziegler polyethylene at 1 Mc/s. 
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Fig. 16. Real part and loss factor of longitudinal 
wave modulus of moulded polytrifluoromono- 
chloroethylene at 1 Mc/s. 


Fig. 14. Real part and loss factor of bulk modulus 
for polypropylene at 1 Mc/s. 


§7. Polypropylene : nets 
PY For comparison, a longitudinal wave meas- 


Polypropylene powders (Moplen-2) used is urement at 1 Mc/s was performed for the 
about 10 microns in radius. The velocity plate moulded from these powders, the results 
and attenuation of sound at 1 Mc/s were being represented in Fig. 16. The dispersion | 
measured for 8.7% suspension in methyl al- region is quite different between the powder 
cohol. The calculated values of K’ and K’’/K'’ and plate as is the case with polyethylene. 


9.1960) 


{$9. Paraffin 

Fine spherical powders of engineering 
paraffin was prepared as follows: Paraffin is 
ffemulsified by violent stirring in hot water 
plus emulsifier and slowly cooled down below 
freezing point under continuous stirring. The 
powders thus yielded are filtered and dried. 
‘The average radius of powders depends on 
the velocity of stirring, being 15 microns in 
@our case. A suspension of 6.1% in methyl 
@alcohol was used. The observed values of 
}A’ and K’'/K’ are given in Fig. 17. 
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Fig. 17. Real part and loss factor of bulk modulus 
of engineering paraffin (M.P.=54°C) at 1 Mc/s. 


There exists an evident peak of K’’/K’ at 
6°C. This is very reasonable when compared 
with the data by Mikhailov and Soloview,?” 
in which the loss factor at 100 kc/s associated 
with Young’s modulus is found to become 
maximum at —12°C. The molecular mecha- 
nism of this dispersion may persumably be 
‘associated with the premelting phenomena in 
‘paraffin. 


-§10. Yeast Cell 


Using the techniques described in this 
| paper, we can obtain some informations about 
‘the mechanical properties of micro-organism 
in its living state from the velocity and at- 
‘tenuation of sound in an aqueous suspension 
of the organism. 

As a preliminary study, yeast cells (Sac- 
charomyces cerevisiae) which are nearly 
spherical with radius of 2.8 microns were 
“suspended in water ina concentration of 10% 
‘and measured by ultrasonic waves at 1 Mc/s. 
The temperature range of observation was 
restricted in the upper side by the death of 
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organism and, below 20°C, 
falled into “sleep.” 

The obtained results are represented in 
Fig. 18. Since a yeast cell is not ina single 
phase, but surrounded with a thin cell wall, 
the physical meanings of K’ and K’’/K’ shown 
in Fig. 18 are somewhat complicated. If the 
influence of the cell wall is neglected for 
simplicity, the values should be associated 
with protoplasm in the cell. K’ in Fig. 18 
is nearly independent of temperature. This 
type of behavior is known to be character- 
istic to some aqueous solutions of organic 
substance, because K’ increases with temper- 
ature for water, but decreases for organic 
substance. The protoplasm in the cell is an 
aqueous solution of proteins and fits this case. 


the organism 


10!dyn/om? 
3 


(9) 20 cc 30 


Fig. 18. Real part:and loss factor of bulk modulus 
of yeast cell at 1 Mc/s. Broken line represents 
real part of bulk modulus of pure water for 
comparison. 


§11. Acknowledgements 


The authors are deeply indebted to Dr. S. 
Koga for his help in study of the yeast cell 
and to Assist. Prof. S. Fukutomi for his aid 
in obtaining part of the data presented in 
this report. They also wish to thank Mr. 
K. Okano for his helpful comments on the 
theoretical basis of this study. 


References 


1) R. S. Marvin, R. Aldrich and H. S. Sack: J. 
Appl. Phys. 25 (1954) 1213. 


2) A. W. Nolle and P. W. Sieck: ibid. 23 (1952) 


888. 

3) J. R. Cunningham and D. G. Ivey: ibid. 27 
(1956) 967. 

4) R. Kono: J. Phys. Soc. Japan 15 (1960) 718, 


2334 


5) O. Nakada: J. Polym. Sci. 43 (1960) 149. 

6) R. O. Davies and G. O. Jones: Proc. Phys. 
Roy. Soc. (London) A217 (1953) 26. 

7) W. Philippoff and J. Brodnyan: J. Appl. Phys. 
26 (1955) 846. 

8) J. E. McKinney, S. Edelman and R. S. Marvin: 
ibid. 27 (1956) 425. 

9) R. J. Urick: ibid. 18 (1947) 983. 

10) R. J. Urick and W. S. Ament: 
Soc. Am. 21 (1949) 116. 

11) Y. Wada: J. Phys. Soc. Japan 13 (1958) 1390. 

12) K. Okano: Private communication. 

13) P. S. Epstein: Theodore von Karman Aniver- 
sary Volume (California Institute of Technolo- 
gy, Pasadena, California, 1941). 


J. Acoust. 


Y. Wapaé, H. HirRosE, H. UMEBAYASHI and M. OTOMO 


(Vol. 15, 


14) A. J. Urick: J. Acoust. Soc. Am. 20 (1948) | 
283. | 
15) Y. Wada, H. Hirose, T. Asano and S. Fuku-: 
tomi: J. Phys. Soc. Japan 14 (1959) 1064. 
16) R. H. Wiley and G. M. Brauer: J. Polym. 
Sci. 3 (1948) 455. | 
17) J. D. Ferry: J. Am. Chem. Soc. 72 (1950) ) 
3746. | 
18) J. D. Ferry, L. D. Grandine, Jr. and E. R § 
Fitzgerald: J. Appl. Phys. 24 (1953) 911. 
19) M. L. Williams, R. F. Landel and J. D. Ferry: 
J. Am. Chem. Soc. 77 (1955) 3701. ; 
20) Y. Wada: J. Phys. Soc. Japan 13 (1958) 1408. 
21) I. G. Mikhailov and V. A. Soloview: Akust 
Zi, USSRE SE@957) 165% 


JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 15, No. 12, DECEMBER, 1960 


Optical Properties of KCl: Ti in the Extreme Ultraviolet Region 


By Kiyoshi AOYAGI and Goro KUWABARA 


Department of Physics, Faculty of Science, 
University of Tokyo 


(Received August 4, 1960) 


The optical properties of KCl: Tl in the vacuum ultraviolet range were 
studied between room and liquid nitrogen temperatures. 
was observed in both the absorption and excitation spectra on the long 
wave length tail of the exciton band, i.e. 7.19ev at —180°C. From the 
measurements of the temperature dependence and the emission spectrum 
the band is supposed to be associated with a transition in Cl ions in the 


neighborhood of a Tl ion. 


Excitation and emission spectra of fluorescence by the light in the 
fundamental band region, as well as thermal glow and optical stimulation 
curves of phosphorescence were also measured. The process of this 


luminescence is discussed. 


Introduction 


§1. 

Alkali-halide phosphors activated with thal- 
lium have been extensively studied both ex- 
perimentally and theoretically. Three promi- 
nent absorption bands, denoted as A, B, and 
C band, were found and assigned as transi- 
tions from the ground state 'S, to the excited 
levels of a thallium ion such as *P, and 'P,. 

Recently, however, detailed experimental 
studies” revealed that these bands have more 
complex structures than expected from the 
simple assignment, and in order to explain 
complex behaviors the mixing of electron trans- 
fer states with those of thallium ions has been 


A new band 


proposed, but definite conclusions have not 
yet been attained. 

Some of the bands corresponding to transfers 
of an electron from the neighboring chlorine 
ion to the thallium or the transitions to the 
perturbed exciton states may be expected to 
appear in the long wave length side of the 
exciton band of pure alkali-halides, and 
Yuster and Delbecq® have observed one band 
forsieiecnl: 

In order to see the effects of the configura- 
tion mixing, it may be valuable to study also 
some other alkali-halides, especially of various 
anions, which have the spin-orbit interaction 


jof different magnitude. Moreover, if the bands 
jassigned to the perturbed or localized exciton 
ijstates are clearly observed, it may be interest- 
ling to study the mechanism of excitation of 
ithallium ions with lights in those bands. 

} On the other hand, it is well known 
{that those phosphors luminesce by excitation 
}with high energy particles, X-ray or with 
| ight in the fundamental absorption band. 
{This phenomenon is common for most of 
foractical phosphors, and in this case an ac- 
jcivator excited not directly by incident par- 
icicles or photons but indirectly by free car- 
iiers and excitons produced simultaneously 
joy radiation. Alkali-halides phosphors activat- 
ed with thallium are most suited for elucidat- 
ling the detailed mechanism of energy transfer 
through the crystal, because in these phos- 
hors the optical transitions corresponding to 
direct excitation and those producing free 
carriers and excitons are well separated with 
l2ach other. 

| Several experiments, especially intended 
for the study of the behavior of excitons, 
Ihave been reported on alkali-iodides.“” In 
ithese crystals, however, the fundamental band 
thas a complex structure probably because of 
the large spin-orbit interaction and moreover 
ithe C band lies so closely to the exciton band 
ithat it seems rather difficult to distinguish 
ithe effects of direct and indirect excitation of 
thallium ions. 

| In these respects potassium chloride, in 
which the spin-orbit interaction is small and 
iboth bands are separated as much as 1.3 ev, 
lis suited also for this purpose. 


|§2. Experimental Procedures 


| Measurements of excitation and absorption 
‘spectra were performed with a vacuum mono- 
chromator constructed in our laboratory, 
lwhich is equipped with a concave grating 
‘working at nearly normal incidence as shown 
in Fig. la. The grating is of Bausch & Lomb 
Optical Co. with 40cm concave radius and 
600 lines per mm. The light source is a 
hydrogen discharge lamp with a hot-cathode 
operated at several hundred watts. For the 
purpose of excitation and photoconductivity 
measurement this spectrometer is intended 
to give high intensity rather than resolution. 
The optical arrangements in the detector 
chamber were changed according to the pur- 
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poses of measurements. The intensity of light 
below 250my was measured by means of 
1P28 photomultiplier tube with a fluorescent 
screen of sodium salicylate which is reported 
to have a constant efficiency below 300 my. 
The slit width was about 3 my in wave length 
for the measurements of excitation spectra 
and about 1m, for absorption spectra. For 
the measurements at low temperatures the 
crystal holder was attached to a double Dewar 
vessel shown in Fig. 1b. To prevent some 
vapors to adhere to the surface of the specimen 
at low temperatures, liquid nitrogen was 
poured into the outer shell of the double 
Dewar vessel at first. The crystal holder 
was warmed with a heater to about room 
temperature and then after half an hour the 


Al. ie \ 


water~ Q4 


Fig. la. Vacuum monochromator. 1: shutter, 2: 
grating, 3: window of LiF, 4: filter holder, 5: 
photomultiplier tube, 6: specimen, 7: fluorescent 
screen of sodium salicylate, 8: quartz windows. 


Fig. 1b. Double Dewar vessel. 1: specimen, 2: 
fluorescent screen of sodium salicylate, 3: 
thermo-junction, 4: heater, 5: radiation shield, 
6: liquid nitrogen, 7: stainless steel. 
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specimen cooled down by filling the inner 
vessel with liquid nitrogen. 

Single crystals of KCl: Tl were grown by 
the Kyropoulos method from the melts con- 
taining 0.001~10 mole per cent of thallium 
and annealed for several hours. Concentra- 
tions of thallium in the crystals were estimated 
from the absorption intensity in the A band 
assuming the oscillator strength of this band 
to be 0.1 at room temperature, and were found 
to be of the order of 10-? of those in the 
melts. 

The emission spectra were photographed 
with a small quartz spectrograph from the 
same side of the crystal as the exciting light 
to prevent reabsorption of the emission, and 
Neopan-SSS photographic films of Fuji Photo 
Film Co. were used. 


§3. Results and Discussions 
(1) D-band 

The excitation spectra of KCl: Tl single 
crystals at 12 and —180°C for equal number 
of incident photons are shown in Fig. 2. The 
well-known three bands, namely A, B and C 
band, are observed in these spectra. On the 
higher energy side of the C band another 
band was found, to which somewhat similar 
band had been reported by Eby and Tee- 
garden”. However, it is probably different 
from ours, as will be seen in the following 
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ie 
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5 
g 
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OF LA 10-2mol. % 
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A 200 4 ee) ieee te! 
Wave length (mp) a 
Fig. 2. Excitation spectra of KCl: T1 crystals 
with different thallium concentrations. 
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details. The peak of the new excitation band 
lies at about 7.01 ev at room temperature, 


and shifts towards higher energy side with | 


decrease of temperature. 

Curve (a) in Fig. 3 shows the absorption 
spectrum at liquid nitrogen temperature of 
one of the KCl: Tl crystals quoted in Fig. 2, 
and (b) shows that of an undoped crystal* 
grown from the same reagent grade KCl. 


60 Ch cP PALE ata 
(2) KCI-TI 
— 180°C (5.7810 4amol, %) 


SS 


(6) undoped KC/ 


8 


Ss 


Absorption coetficient (cm) 


KCI-T1 


(C) -180°C  (5:7.19-4 mal. %) 


(ad) +#/2°C 


200 
Wave length (mu) 


250 


Fig. 3. Absorption spectra of a KCl crystal con- 
taining 5.7 10-4 mole per cent thallium (a) and 
of undoped KCI crystal (b) at liquid nitrogen 
temperature. Curve (c) is the absorption spect- 
rum of the D band obtained by subatacting (b) 
from (a), and curve (d) is for room temperature. 


When we plotted the differences of these two 
absorption curves, near the tail of the fund- 
amental band there appeared one absorption 


band which precisely coincides with the band > 


found in the excitation spectra. Curve (d) is 
the absorption spectrum of this band at room 
temperature obtained by the same way. 

The new band, which is found both in the 


absorption and excitation spectra is denoted ) 
as D band in this paper. As shown in Fig. 4_ 
the absorption intensity of the D band in-| 


creases almost linearly with the increase of 


* The undoped KCl crystals prepared in our 
laboratory has an absorption coefficient ca. 65 cm-! 


at 175 mp at room temperature, which is somewhat / 


larger than that reported by Kobayashi et al.5) 


This may be due to a presence of bromine im- — 


purities as they suggested. 


thallium concentration within the range of 
the present experiment, i.e. from 2.7x 10-4 to 
1.1x10-? mole per cent. 
Fig. 5 shows the temperature dependence 
f the absorption hand. The peak lies at 
‘ 01 ev (177 my) and 7.19 ev (172 my) at 12 
nd —180°C respectively, and the rate of the 
hift was —9.4x10-* ev/deg between these 
temperatures, which is nearly equal to that 
of the exciton band. ® 


S 


8 


Absorption coetficlent (em~/) 


10 
lo-4# 


lo-3 /o-2 
Concentration (mol. %) 
Fig. 4. Concentration dependence of the maximum 
absorption coefficient of the D band at liquid 


nitrogen temperature. 
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r Fig. 5. Temperature dependences of the peak 
position and the absorption coefficient of the D 
band. 


The shape of the absorption band could not 
be determined precisely because of the exciton 
‘band tail, but it appears to be simple and 
intermediate between the Gaussian and the 
‘Lorentzian. The width of half maximum of 
the D band was 0.29 ev at 12°C and 0.21 ev 
at —180°C. The absorption intensity, i.e. the 
product of the maximum height and the half 
width, is nearly five times as large as that 
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of the A band, but it increases slightly with 
the decrease of temperature. Taking into 
consideration the difference of the refractive 
index, the oscillator strength of the D band 
was estimated to be 2.7 times of the A band 
at —180°C for a crystal containing 4.5x10-+ 
mole per cent of TI. 


Single crystal 


(71: 2.3x10~ mol. %) 
D-excitation 


OO 
“FWA bs 


ose = ers | 
Powdered crystal 
(71: 3 x10 mol.%) 
C- excitation 


-/80C 


Tr ! ! eae | { . hy 


D-excitation 


Intensity 


- 180°C /40 mp-excitation 


500 60 7 


0 We: 

Wave Jength (mp) 

Fig. 6. Microphotometer curves of the emission 

spectra. (a) of KCI-1.3x10-3 more % TI single 

crystal excited by the D light at 12 and —180°C; 

(b), (c) and (d) of KCl-3x10-2 mole % Tl 

powdered crystal at —180°C excited by the C, 

D and 140 my light, respectively. The correc- 

tions for the slit width and the sensitivity of 
films are not made. 


Fig. 6a is the microphotometer curve of the 
emission of a KCl: Tl single crystal excited 
by the D band light. The ordinate is the 
absorbance of the photographic films. The 
emission spectrum was consisted of only the 
305 my emission band characteristic of thal- 
lium ion. Taking into consideration the 
overlap of the D band with the tail of the 
fundamental absorption, i.e. subtracting the 
amount of light absorbed in the tail of the 
exciton band, the quantum efficiency of the 
emission by light absorbed in the D band was 
estimated to be about 1.5 times of that of 
the emission excited by light in the A band, 
and it remained nearly constant within the 
temperature range of the present experiment. 
According to Biinger,’ the quantum effici- 
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ency of the emission by the A light is ca. 0.5. 
Therefore it is concluded that the light in 
the D band causes luminescence due to thal- 
lium with a quantum efficiency of nearly 
unity. The details of the emission spectrum 
will be described at the end of this section. 

From these results on the D band, it is 
supposed that the band may be due to an 
excitation of perturbed chlorine ions neighbor- 
ing to a thallium ion, i.e. the D band corres- 
ponds to the @ band of the F center. A 
similar absorption band has been reported for 
ieee te) 

If we take the above assignment for the D 
band, the oscillator strength may be reason- 
able but the fine structure due to a spin-orbit 
interaction is expected. According to Knox,” 
the spin-orbit splittings on the transfer spectra 
will be the combination of those for Cl and 
Tl atoms, which are about 0.1 ev and 0.97 ev 
respectively. 

No structures, however, was observed in 
the D band, even though the pass band was 
0.03 ev in this region and sufficient for 
resolving. 


K. AOYAGI and G. KUWABARA 


(Vol. 15, 


If we take the large value for the separations, 
the other members of the transfer spectra 
may lie in the A, B and C band regions or 
in the exciton band. At present, it can not _ 
be decided which of the above assumptions 
is correct. However, it is noted that no | 
structure have yet been reported even for 
the B band of KCl or NaCl. 

The excitation of Tl ions by the D band 
light may be caused by an auto-excitation — 
process. However, the high quantum efficiency | 
of the D band, such as ca. 1.5 times of the 
A band, is difficult to understand from a 
simple picture, and for explanation we must — 
assume that the light of the exciton band 
tail overlapping with the D band somewhat — 
contributes to the excitation of Tl or that 
the A band is composed of two bands, one 
of which is not associated with the lumines- 
cence. 

It has been reported that KCl: T1 has three 
emission bands. In our experiment, however, 
in the case of single crystals only the 305 my 
band was observed by excitation with light 
in the A, B, C or D band and neither 475 my 


Table I. List of the emission bands of KCl: Tl crystals including an undoped KCI powdered crystal. 
R: room temperature, LN: liquid nitrogen temperature, S: strong, M: medium, and W: weak. 
: Emission band 
Excited band Cra Tl Tenn ission band (my) 
(mp) (mol. %) 947 305 SYP: 475 580 
400 ~600 
A(247) Single 3x 10-2 S 
B(210) Single 3.9x 10-4 S$ 
: S 
Single 2.0 <M eS SSS Ss eee ee 
C(196) es eee eae ca 
R S 
Powder S10 =2 | |e eee 
LN S M W 
Se en ee ee 
: R S 
D Single 223 lOme eee ee eee 
fe at R. [Heat Sve ee LN > 
172 at tu} R 
Powder 5 ne oe el come 
SI SO= a o. a<.b6? || pik Scan al 
LN S M M Ss 
a) ee 
Single ae aie R ©) 
3X10 LN - 
140 eS eee ee 
3x 10-2, R S 
P. ; a Pan es Sa 
owder Dall Om LN M F 
Undoped LN M W 
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@, nor 247myz band could be detected both at 
12° and at —180°C. Taking the characteristics 
t of the photographic films and the spectrograph 
‘i into consideration, the intensities of these 
}emission bands were estimated, if they 
| existed, to be less than one twenteith of that 
»of the 305my band in all cases for crystals 
} prepared in our laboratory. This result 


@) appears to somewhat contradict the generally 


4 accepted view that all the emission bands are 
} due to the same single Tl center, but we will 
| not touch these problems in this paper. 

| However, in order to see the effects of form 
j of a specimen or mechanical treatment, the 
powder specimens were prepared by grinding 
) the single crystals, and emission spectra under 


7 the excitation with lights in the various bands 


i / at room and liquid nitrogen temperature were 
examined. The results including those for 
single crystals are summarized in Table I. 

In the case of single crystals all of the 
emission, or at least most part of the emission 
was the 305my band irrespective of the ex- 
citing lights or the temperature, while in the 
case of powdered specimens other emission 
bands, except the 247 my band, appeared at 
low temperatures under the excitation with 
lights in the C, D or fundamental band. The 
microphotometer curves of these emission 
bands are shown in (b), (c) and (d) of Fig. 6. 
The band peaked at about 400myz was 
observed also for the powdered specimen of 
undoped KCl under the excitation with the 
fundamental band light at low temperatures. 
This fact will be discussed in the later sec- 
tion. The appearance of various emission 
bands in the case of powdered crystals may 
be explained that new centers or excitation 
bands due to the lattice defects were pro- 
duced by grinding. 


(2) Fluorescence and Phosphorescence by Light 
in the Fundamental Band Region 

Let us first consider the luminescence at 
room temperature. On the higher energy side 
of the D band in the excitation spectra of 
Fig. 2, almost no luminescence is observed 
with the exciton band and as the photon 
energy is increased above the higher energy 
side of this band, the intensity of the lumi- 
nescence rises gradually, which is the 305 my 
emission band at room temperature as shown 


in Table I. 
The dip at 130 my» coincides with the peak 
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of the 2nd fundamental absorption band, and 
can be interpreted to be mainly caused by rise 
of reflection loss. The same reason, however, 
can not explain the deep minimum at the 
exciton band completely, rather it is supposed 
that the exciton causes little luminescence at 
least at room temperature. 


Strictly speaking the luminescent intensity 
for light in the fundamental band range 
varied with the irradiation time, that is, under 
the excitation with the 2nd fundamental band 
light, the luminescence was hardly observed 
at first for a freshly prepared KCI: Tl crystal 
and gradually increases with irradiation, 
saturating at some intensity. The saturation 
value or the efficiency of the luminescence 
depends on the intensity of exciting light as 
well as on the concentration of Tl, but does 
not vary linearly with them and the lumines- 
cence efficiency of the crystal containing 
1.1x10- mole % of TI for the 140my light 
was estimated to be about one fifth of that 
for the A band at light intensity of ca. 10'* 
photons/cm? sec. 

The irradiation of light in the 2nd funda- 
mental band makes the crystal phosphorescent 
as well as fluorescent. As the irradiation 
proceeds, the phosphorescent intensity also 
increases and attains the saturation value, 
which depends upon the intensity of exciting 
light and upon the TI concentration as in the 
case of fluorescence. But the incident photon 
numbers necessary for saturation are different. 
for fluorescence and phosphorescence. 

The emisson band of the phosphorescence. 
at room temperature was found to be com- 
posed of the 305 my band characteristic of Tl 
ions. The decay of the phosphorescence, the 
half life of which is ca. 110 sec at 20°C, can. 
not be strictly expressed by a simple ex- 
ponential curve. 

The excitation spectrum of the phosphores- 
cence of a crystal with 1.6x10-* mole % Tl 
for exciting light of equal intensity (ca. 10'* 
photons/cm? sec) is given in Fig. 7. This 
curve was obtained by repeating the following 
procedures; the intensity of the phosphores- 
cence saturated by excitation with a mono- 
chromatic light was measured and the crystal 
was restored to the initial state by heating 
to 100°C for about ten minutes and then ex- 
cited again with another monochromatic light. 

From this figure it is concluded that the 
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phosphorescence of the 305my band appears 
by irradiation with lights in the 2nd funda- 
mental band as well as the B, C and D band 
due to Tl, but not by those in the A and the 
exciton band, and that the spectral distribu- 
tion in the fundamental band region is similar 
to that of the fluorescence. 

The luminescent behaviors of KCl: Tl crys- 
tals at low temperatures were rather different 
from those at room temperature. In the 
excitation spectrum shown as dashed curve in 
Fig. 2 a small hump is observed at the low 
energy tail of the exciton band. The ef- 
ficiency, decreasing once at the peak of exciton 
band, increases again with the increase of 
photon energy and shows a peak at the 2nd 
fundamental band i.e. 130 mp. 
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Fig. 7. Excitation spectrum of the phosphores- 
cence at room temperature. 
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Fig. 8. Temperature dependence of the fluores- 
cence excited with 140 mp light. 


The fluorescent spectrum of a single crystal 
at —180°C by the 140my light is composed 
of almost only one band with a peak at ca. 
400 my. 

In Fig. 8 the luminescent intensity of a 
crystal with high Tl concentration under 
irradiation with the 140 my light is shown as 
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a function of temperature. The intensity 
abruptly changes near —70°C, below which 
the fluorescence is mainly composed of the | 
400 mz band. While a crystal containing © 
small amount of Tl behaved differently, i.e. | 
the fluorescent intensity rather increased at | 
low temperatures. | 
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Fig. 9. Thermal glow curves of a KCI: Tl crystal 
excited with light of 140 mp at —16 or —180°C. 
Curve (a) and (b) are total emission; (c) and (d) 
are visible emission measured with a filter trans- 
parent above ca. 380 or 430 my, respectively. 


In order to study the mechanism of phos- 
phorescence the thermal glow experiment was 
performed. Curves (a) and (b) in Fig. 9 are 
the results for a crystal excited with the 
140 my light at —16° and —180°C, respectively. 
Three prominent peaks were observed at 
—65°, —10° and 32°C, conforming with the 
results obtained by previous authors. The 
spectral composition of the emission was 
examined by inserting a filter, which trans- 
mits the light longer than 380 or 430my. 
The emission associated with the peak at 
32°C was entirely cut off by either of two 
filters, and is supposed to be the 305 my band, 
while most or the greater part of the emission 
associated with the peak at —65°C transmits 
these filters, showing that the emission is 
composed of lights above 360 my, probably 
the 400myz band. This result is different 
from that reported by Johnson and Williams, 
and will be discussed in the later section. 

The KCl: Tl crystal, which became phos- 
phorescent, shows a burst of luminescence by 
stimulation with selective visible light. The 
spectral distribution of the efficiency of stimu- 
lating light measured at room temperature 
has a peak near 570myz. A part of the 
stimulated emission transmits a filter trans- 
parent from 300 to 400my and is supposed 
to be the 305 my band. The effects of various 
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‘stimulating lights on the thermal glow curve 
were also studied. The crystals excited with 
the 140 my light at —180°C were irradiated 
at this temperature with the 546,435 or 365 myx 
light from a mercury lamp. All of the ther- 
‘mal glow peaks entirely disappeared simul- 
taneously by irradiation with the 546m, 
light of ca.10'® photons/cm?, and the lights 
435 and 365 my affected slightly. 

The effects of the fundamental band light 
on KCl: Tl single crystals are summarized 
cas follows: 

At room temperature (1) the exciton band 
light causes scarcely any fluorescence or phos- 
Phorescence, (2) the crystal shows long last- 
‘ing phosphorescence as well as fluorescence by 
irradiation with light which has been supposed 
to create free electrons and holes in the 
crystal, (3) the excitation spectra for fluores- 
cence and phosphorescence are similar with 
veach other, (4) in all cases the emission is 
the 305my: band, which is characteristic of 
‘TI ions, (5) the phosphorescence can be stimu- 
lated thermally as well as optically; 

At low temperatures below about —60°C 
(6) the emission is mainly the 400my band, 
(7) the fluorescence can be excited by light 
which can be absorbed strongly in the surface 
layer more effectively than at room tempera- 
Lure. 

These characteristics may indicate that the 
fluorescence and the phosphorescence occur 
‘by a similar mechanism and that free charge 
carriers created by light play a dominant 
role in the transfer of energy absorbed by 
the host crystal to the emitting centers. 

The 305my emission at room temperature 
is supposed to occur by the following mecha- 
nism. Either of an electron or a hole is 
captured near a TI ion and when another 
kind of carriers happens to approach, they 
recombine with each other giving the energy 
to the Tl ion by auto-excitation or by dipole 
transfer. We tentatively assume that a Tl 
jon itself acts as an electron-trap. 

The difference between the fluorescence and 
the phosphorescence lies in that in the former 
the electrons trapped by TI ions recombine 
with holes produced directly by photons, and 
in the latter with those holes which have 
been once captured by some hole-traps and 
then released again by lattice vibrations. The 
rises of the fluorescent and phosphorescent 
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intensities with irradiation are interpreted as 
processes of filling up of carrier traps. 

Delbecq et al" have observed the spin 
resonance signal due to holes for X-rayed 
KCl crystals doped with Tl, which disappears 
at —65°C simultaneously with an absorption 
band at 350my, and ascribed it to the self- 
trapped holes. 

The present experiment seems to be closely 
related tu these phenomena, i.e. the glow 
peak of the 400 my band or the abrupt change 
of fluorescence intensity at —65°C corresponds 
to the temperature above which the self- 
trapped holes become unstable. 

Accordingly, the luminescence at low tem- 
peratures is explained by assuming an emitt- 
ing center other than TI. This center emits 
the 400 my band and may be a kind of lattice 
defects intrinsic to KCl crystals, which acts 
as a recombination center as well as an 
electron-trap much more effectively than Tl 
at low temperatures, since the faint 400 my 
band is observed also in the undoped crystals. 
It is supposed that these defects increase by 
doping as well as by mechanical treatment, 
and moreover that they are distributed near 
the surface of the crystal, because the 400 my 
band is effectively excited with light at the 
peak of the fundamental band, which is 
strongly absorbed in the surface layer. 

At low temperatures most of the recombina- 
tions occur at or near the recombination 
centers and consequently the 400 my band is 
mainly observed. 

When the crystal irradiated at liquid nitro- 
gen temperature is gradually warmed up, the 
self-trapped hole begin to move at —65°C and 
some of them will recombine with electrons 
trapped by the recombination centers emitting 
the 400 mz band, while the rest will be trap- 
ped by hole-traps near the Tl and as the 
temperature is raised they recombine with 
electrons which have been trapped by Tl 
emitting the 305 my band. 

In the above explanation we have assumed 
two kinds of traps each for electrons and 
holes including self-trapping. Some of them 
may correspond to color centers already 
reported," but could not be detected by 
optical absorption measurement, probably 
because they were too small in numbers. The 
optical stimulation of the phosphorescence is 
supposed to be associated with the ionization 
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of electron-traps, probably Tl atoms, which 
corresponds to the thermal glow peak at 32°C. 

Above speculations for the behaviors of free 
carriers may be checked by the photoconduc- 
tivity measurement, which is now in progress. 

As for excitons it is concluded that they 
are ineffective as an energy carrier to Tl ions 
at room temperature even in the highly doped 
crystal (3x10-* mole % Tl). The difference 
between the exciton and the second band light 
for luminescence may be due to some kind 
of lattice defects densely populated in the 
surface layer, which annihilate excitons but 
are inactive for free carriers. 

However, the small humps between the 
exciton and the D band peak observed in the 
excitation spectra at low temperatures may 
correspond to the exciton-induced lumines- 
cence. 


§4. Conclusions 


The optical properties of KCl: Tl crystals, 
especially below 200 my were studied with a 
vacuum spectrometer. 

A new single band was found on the ex- 
citon band tail in the absorption and excitation 
spectra. The intensity of the band is ca. five 
times of the A band and increases linearly 
with the Tl concentration. The absorption 
peak is situated at 7.01 ev at room temper- 
ature and shifts to the higher energy side with 
the decrease of temperature similarly to the 
exciton band. This band causes the 305myp 
emission band characteristic of Tl ion, and 
is assigned as the excitation of Cl ions neigh- 
boring to Tl ions. 

The lights in the fundamental band region, 


K. AOYAGI and G. KUWABARA 


(Vol. 15, 


except the exciton band, also causes phosphores- 
cence as well as fluorescence. The emissions. 


are mainly the 305my and the 400my band 
at room and low temperatures, respectively. 

It is supposed that a Tl ion is excited by 
the recombination of free carriers, when it 
occurs in the neighborhood of the Tl, and 
that the 400 my band predominant below ca. 


—70°C is associated with the defects other 


than Tl, which are distributed near the sur- 


face, enhanced by doping or by mechanical. 


treatment and act as recombination centers. 
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The dark conductivity and decay time of sintered CdS films prepared 
by firing in nitrogen gas were higher than those of sintered CdS films 
prepared by firing in the mixture of nitrogen gas and hydrogen sulphide. 
Accordingly it was thought that the sintered CdS films prepared by firing 
in nitrogen gas have many sulphur vacancies acting as donors. 

As a result of heat-treatment in oxygen of the sintered CdS films 
prepared by firing in nitrogen gas, the dark conductivity and decay time 
decreased. A new peak appeared at 680 my in spectral response of the 
photocurrent. The activation energy obtained by measuring the slope of 
the curve of logarithm of dark conductivity plotted against 1/7'(°K) in- 
creased, while the trap concentration obtained by measuring the thermally 
stimulated current decreased with the increase in temperature of heat- 
treatment in oxygen. The results of experiments supported the inter- 
pretation that sulphur vacancies acting as donors had been occupied by 
oxygen atoms, and then vanished. At the same time there were produced 
new exciting centers at about 1.8eV below the bottom of the conduction 
band. 

By electron-microscopic observations it was found that by heat treat- 
ment above 400°C in oxygen, CdO grains were produced on the surface 
or near the grain boundary of the sintered CdS film, and when the whole 
surface of the CdS film was coated by CdO layers, photoconductivity was 
not observed. 


$1. Introduction 
Sintered cadmium sulphide (CdS) photo- 


conducting films have comparatively large 


cies were produced near the surface of crystals- 
by heat-treatment, and that the oxygen atoms 
perhaps occupied the sulphur vacancies. 


photocurrent and are utilized in many electro- 
nic devices. However, the investigation of 
the properties of sintered CdS films is difficult, 
because there are many barriers interposed 
between different crystallites in the films and 
the properties of barriers are supposed to be 
different from those of the bulk of crystalli- 
tes. The properties of CdS single crystals 
have been investigated by many workers, and 
it seems correct to claim that the properties 
of the bulk of crystallites in the films are 
similar to those of a single crystal. 

The surface phenomena of CdS single crys- 
tals have also been investigated recently. 
The heat-treatment in vacuum, air, oxygen, 
hydrogen, hydrogen sulphide, cadmium vapour 
and sulphur vapour have been reported.!:?:?” 
Especially, the phenomena in the case of 
heat-treatment in vacuum, hydrogen and 
cadmium vapour suggested that sulphur vacan- 


By the investigations of CdS single crystals, 
it was ascertained that halogen or group III 
B metal impurities or sulphur vacancies act 
as donors, and group I B metal impurities 
or cadmium vacancies act as acceptors.‘:» To 
obtain high photoconductivity the compensa- 
tion of donors and acceptors may be necessary. 
If the sintered CdS films are prepared in 
inert gas, there seems to appear donor levels 
due to sulphur vacancies. In the present 
study, the author attempted to show how 
the effect of oxygen appears upon these 
sintered CdS films. 

To prepare sintered CdS films, two different 
methods have been used. In one method 
cadmium halide was used as flux material,*:” 
while in the other activated CdS powder was 
sintered after having been spread or com- 
pressed.®: The first method is rather easier 
to control the properties than the second. In 
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the present paper some results obtained by 
heat-treatment in oxygen of sintered CdS films 
prepared by the first method are presented. 


§2. Preparation of Sintered CdS Films 


The sintered CdS photoconducting film was 
prepared by the flux method using CdCl, as 
flux material on a fused quartz plate. A 
formulation found to be particularly suitable 
for general application of sintered CdS film 
had the following composition”: 20g of high 
purity CdS powder, 2g of CdCl, 100cc of 
distilled water. The purity of CdS powder 
was found by chemical analysis to be 99.99% 
or more, and by spectroscopic analysis it was 
found that there were traces of Si and Zn. 
All components were blended and ground in 
a quartz mixer. To add Cu as the activator 
in sintered CdS film, 0.2cc of 0.1mol CuCl, 
solution (0.05 atom % of CdS) was added in 
the suspension. The suspension was then 
sprayed on the surface of 20x10mm fused 
quartz plate by a spray gun made of quartz, 
and the sprayed layer was dried for 4 hours 
at 100°C in nitrogen gas. Next, the sprayed 
layer was fired for 15 minutes at 600°C in a 
furnace in which nitrogen gas purified by 
pyrogallol and liquid nitrogen was flowing, 
and was then cooled at a rate of about 10deg 
per minute. 

The process of firing was as follows: CdCl, 
was first melted by heating, CdS powder was 
dissolved in melted CdCl., and then dissolved 
CdS was recrystallized by the evaporation of 
melted CdCl,. When all CdCl, had evaporated, 
sintered CdS film of thickness of about 10 pz 
was obtained on the fused quartz plate. As 
the result of electron-microscopic observation 
it was found that the sintered CdS film was 
consisted of many crystalline grains of about 
ly. The electron-micrograph of the surface 
of sintered CdS film is presented in Fig. 12(a). 
The thickness of sintered CdS film can be 
varied by varying the quantity of the suspen- 
sion to be sprayed. 

In and Ga were usually used as the elect- 
rode material in order to make ohmic contact, 
but in the following experiments these metals 
could not be used, because the electrodes 
were to be heated above 600°C in oxygen 
together with sintered CdS films. The author 
used Au as the electrode material. Before 
spraying the suspension on the surface of 
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fused quartz plate Au was evaporated on it. 
In this case the property of electrode contact. 
was ohmic above 0.1 volts of applied voltage: 
and nonohmic below 0.1 volts. In the follow- 
ing experiments all measurements were carried 
out above 0.1 volts of applied voltage. The: 
interelectrode distance was 0.5mm, and the: 
length of electrodes was 10mm. Fig. 1 shows. 
a diagram of such a specimen. 


Sintered CdS film 
Evaporated Au 


th 


Fused quartz plate 


Fig. 1. Diagram of a specimen. 


§3. Properties of Sintered CdS Films 


The sintered CdS films prepared by firing 
in nitrogen gas using CdCl, as the flux 
material have some Cl impurities, and perhaps. 
have many sulphur vacancies. The dark 
conductivity of sintered CdS films thus pre- 
pared was much larger than that of those 
prepared by firing in nitrogen gas plus hydro- 
gen sulphide. The photoconducting properties. 
of these CdS films are represented in Table I. 
The properties of sintered CdS films prepared 
by firing in nitrogen gas were extremely 
affected by oxygen, but there were little 
effects of oxygen upon those prepared by 
firing in nitrogen gas plus hydrogen sulphide. 
In the investigations of evaporated CdS films, 
Kuwabara!” reported that the dark conduc- 
tivity of CdS film evaporated in vacuum was 
varied by exposing to air. Also, in the in- 
vestigations of CdS single crystal, it was 
reported that sulphur vacancies played as 
donors.® Hence, sintered CdS films prepared 
by firing in nitrogen gas should have some 
sulphur vacancies. 

When Cu was added to sintered CdS films, 
the dark conductivity was decreased and the 
ratio of photocurrent to dark current was 
increased. 


$4. Heat-treatment of Sintered CdS:Cl 
Films in Oxygen 

Sintered CdS films added with Cl and having 
some sulphur vacancies were heated at fixed 
temperatures in the range of 100~600°C for 
10 minutes in a furnace through which oxygen 
is flowing. The properties of sintered CdS Cl 
films heat-treated at various temperatures 
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Table I. Properties of sintered CdS films. 
Speci Dark i 
Pp Neer Atmosphere Activator P ptt eae Dark oo ent Condi uiee Decay time 

pb (Qem-) m sec. 

1 Ne none added 160 940 2.4x10-2 160 

2 1 1 200 6500 1.5x10-1 210 

5 . 1 ! y 100 3500 (pox 10m 2 170 

4 VA Cu added 330 150 Bal <8 65 

5 y 400 500 2x 1052 70 

6 ” " 450 550 1.4x10-2 60 

7 N2+H2S none added 70 130 3.3x10-3 80 

8 Va UV, 60 160 4.01073 90 

9 y Cu added 540* 0.5% 1.31056 u 

10 ” y 60* 0.02* 5.0 10-8 5 

Photocurrent: Values obtained by deducting the dark current from the current at the 


illumination of 200 Lx and at applied voltage of D.C. 2 volts. 

Current flowing with the applied voltage of D.C. 2 volts in darkness. 
Time interval until the photocurrent decays to one-half its value for 
continuous white light illumination of 200 Lx. 

*: Values measured with applied voltage of D.C. 20 volts. 


Dark current: 
Decay time: 


B were measured by electrical and optical 


that of the photocurrent. When the sintered 


' methods. CdS films were heated at 650°C, the photo- 
(a) Variation of Photocurrent and Dark current was negligible, while dark current 
Current was very large. 


One example of variations of photocurrent* 
and dark current* of sintered CdS films heat- 
i treated in oxygen is shown in Fig. 2. By 
| heat-treatment both photocurrent and dark 
current were decreased, and the degree of 


decrease of the dark current is larger than 


x 


) 


—o— Phofocurrent 


—e— Dark current 


Photocurrent and dark current (uA) 


100. 200 300 400 500 
Temperature (°C) 


Fig. 2. Variations by heat-treatment 
of photocurrent* and dark current* 
CdS:Cl film. 


600 700 


in oxygen 
of sintered 


x - Values measured with applied voltage of D.C. 


2 volts. 


*+ Values measured with applied voltage of D.C. 


_ 20 volts. 


(b) Spectral Response 

The spectral response of photocurrent of 
sintered CdS films heat-treated at various 
temperatures in oxygen was measured by a 
spectro-photometer of Beckmann type in the 
range of 400~900my. Light source was an 
incandescent lamp of 30 watts. Spectral 
response curves are presented in Fig. 3. The 
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Fig. 3. Spectral response curves of sintered 


CdS:Cl films heat-treated in oxygen. 
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spectral response curves of sintered CdS: Cl 
films heat-treated in oxygen below 400°C 
were found to have only one broad peak at 
520 my, and by treatment above 450°C a peak 
at 520my became sharp and a new peak was 
produced at about 680 my. 


(c) Dark Conductivity as a Function of Temper- 
ature 

Variations of the dark conductivity as a 
function of temperature of three specimens, 
that is CdS: Cl films before heat-treatment, 
after treatments at 400°C, and at 500°C res- 
pectively are illustrated in Fig. 4. Below 
room temperature, the plot of logarithm of 
the conductivity against 1/7(°K) gave a curve 
with linear portion below—100°C. The slopes 
of such linear portions for three films corres- 
ponded to energies of 0.01 eV, 0.015 eV and 
0.02 eV respectively. Above—100°C, the slopes 
of curves increased with temperature rise. 


{+ Initial, 
2: At 400°C, 
3: At 500°C, 


: O.015eV 


o (Qcm) 


1O00/T (°K) 


Fig. 4. Dark conductivity of sintered CdS:Cl 
films heat-treated in oxygen as a function of 
temperature. 


(d) Thermally Stimulated Current 

The thermally stimulated current is asso- 
ciated with the motion of electrons made free 
from traps by thermal energy. Measurements 
of thermally stimulated current were made 
in the following manner: The sintered CdS 
film was cooled to liquid nitrogen temperature, 
and exposed to illumination of white light for 
30 sec. Then it was heated in the dark at 
a rate of about 1 deg per second with applied 
voltage of D. C. 1 volt. The difference be- 
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tween the current measured in this way and 
the normal dark current at the corresponding 
temperature is the thermally stimulated cur- 
rent. 

Fig.5 gives the curves of thermally stimlated 
current for the initial film and the film heat- 
treated at 500°C in oxygen. -Both the initial 
film and the heat-treated film had a large 
broad rise of thermally stimulated current, 
with a peak at about —140°C. The initial film 
had fairly large current above 0°C, but the 
heat-treated film had a small current above 
40°C and had an additional small peak at 
roomtemperature. 
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Fig. 5. Thermally stimulated current of sintered 
CdS: Cl films as a function of temperature: D.C. 
1 volt applied, heating rate of about 1 deg/sec. 


(e) Decay Time of Photocurrent 

The decay time of the photocurrent relating 
to electron traps was as long as about 100~ 
200m sec. It was found that the decay time 
of the photocurrent becomes short with heat- 
treatment in oxygen. 


§5. Heat-treatment of Sintered CdS:Cl:Cu 
Films in Oxygen 


The dark conductivity and decay time of 
sintered CdS : Cl film were very large, and the 
sintered CdS:Cl:Cu film in which Cu was 
added had fairly small dark conductivity and 
large ratio of the photocurrent to the dark 
current. It was seen that the concentrations of 
electron traps were decreased by added Cu. 
In the following experiments, the quantity of 
added Cu was 0.05 atom % of CdS. The effects 
of oxygen upon the sintered CdS:Cl: Cu films 
were remarkable. The method of heat-treat- 
ment in oxygen was the same as that in § 4. 
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(a) Variation of Photocurrent and Dark Cur- 
rent 

The variations of photocurrent* and dark 
current* of sintered CdS: Cl: Cu films heat- 
treatment in oxygen are shown in Fig. 6. 
|The dark conductivity was considerably 
decreased by heat-treatment in oxygen, so 
that the ratio of the photocurrent to the dark 
current became 10‘ or more by heat-treatment 
at 500~600°C. 


(mA) 
ro) 


8 dark current 
97 


roy 


—o-— Photocurrent 


—e— Dark current 


Photocurrent 


100 200 300 400 500 660 700 
Temperature (°C) 
Fig. 6. Variation of photocurrent* and dark cur- 
rent* of sintered CdS:Cl:Cu films by heat- 
treatment in oxygen. 


<b) Spectral Response 

There were two peaks at about 520 my and 
620my in the spectral response curves of 
sintered CdS: Cl: Cu films as shown in Fig. 
7. A peak at about 520 my corresponded to 
the absorption edge, and a broad peak at 
about 620 my was produced by added Cu. A 
broad peak at about 620my became sharp 
and shifted to red region by the heat-treat- 
ment in oxygen. A peak at 520my became 
sharp by the heat-treatment in oxygen and 
became low by. heat-treatment at 600°C. 


(c) 


Dark Conductivity as a Function of Tem- 
‘perature 

The variations of dark conductivity of 
sintered CdS:Cl:Cu films heat-treated in 
oxygen are given in Fig. 8 as a function of 
temperature. The conductivity decreased with 
heat-treating temperature in oxygen, and the 
slope of the curve of logarithm of conductivity 
plotted against 1/7(°K) was increased. 


(d) Rise and Decay Time of Photocurrent 
The rise and decay time were measured by 
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an arrangement consisted of an electromag- 
netic oscillograph, an incandescent lamp and 
a shutter. The results are given in F ig.49: 
Measurements of rise and decay time were 
made at applied voltage of D. C. 20 V, with 
illumination of 200Lx, and at room tempe- 
rature. The decay time of photocurrent was 
extremely decreased by heat-treatment at 
200~300°C in oxygen. The rise time of 
photocurrent varied very little by heat-treat- 
ment in oxygen. 
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Fig. 7. Spectral response curves of sintered 


CdS: Cl: Cu films heat-treated in oxygen. 
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Fig. 8. Dark conductivity of sintered CdS:Cl:Cu 
films heat-treated in oxygen as a function of 
temperature. 
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(e) Thermally Stimulated Current 

The thermally stimulated current of the 
sintered CdS: Cl: Cu films was measured by 
the same method as that in §4. The results 
of measurements are shown in Fig. 10. The 
sintered CdS: Cl: Cu films at initial state had 
large number of traps, and by heat-treatment 
in oxygen the trap concentration was dec- 
reased, and a peak at about room temperature 
appeared by heat-treatment at 350~500°C in 
oxygen. By heat-treatment at 600°C in oxygen 
the peak at about room temperature has 
almost vanished. 
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Fig. 9. Rise and decay time constants of sintered 


CdS:Cl:Cu film heat-treated in oxygen. 
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Fig. 10. Thermally stimulated current of the 
sintered CdS:Cl:Cu films heat-treated in oxygen 
as a function of temperature: D.C. 37 volts ap- 
plied, heating rate of about 1 deg/sec. 


§6. Observation of Produced CdO by an 
Electron-microscope 


It was expected that CdO will be produced 
by heat-treatment of sintered CdS:Cl:Cu 
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film in oxygen. The quantity of produced 
CdO in CdS: Cl: Cu films was measured by 
the method of X-ray diffraction. The results 
are illustrated in Fig. 11. It was found that 
CdO was produced by heat-treatment of 
sintered CdS:Cl:Cu films in oxygen above 
400°C. By heat-treatment at 650°C, the 
quantity of produced CdO was found to be 
about 20% of CdS. 


To about 20% 
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Fig. 11. The quantity of produced CdO in sintered 
CdS:Cl:Cu films and the ratio of the photo- 
current to the dark current as a function of 
temperature in the case of heat-treatment in 
oxygen. 


The variations of the surface of sintered 
CdS: Cl: Cu films by heating in oxygen were 
observed as shown in Fig. 12 by an electron- 
microscope with carbon replica method. At 
300°C in oxygen, there were found some small 
particles on the surface, and at 500°C many 
particles, and at 600°C, these particles grew 
up and the whole surface of CdS:Cl:Cu 
films was covered by the grown particles. 
The shape of some of the grown particles on 
the surface of CdS:Cl:Cu film was cubic. 
By heating in oxygen at 650°C, it was seen 
that the produced CdO covered the whole 
surface “of “CdS: Cl Cu” film,” soisthace the 
photoconductivity was negligible. 


§7. Discussion 


The sintered CdS films prepared by firing 
in nitrogen gas had large dark conductivity 
and long decay time, but the sintered CdS 
films prepared by firing in nitrogen gas plus 
hydrogen sulphide had small dark conductivity 
and short decay time. Both of the two 
sintered CdS films had many donors of Cl, 


(c) 


oxygen. 


but the former should have many sulphur 
vacancies and by heat-treatment in oxygen 
these sulphur vacancies should have been 
‘occupied by oxygen atoms. By heat-treat- 
ment in oxygen at high temperature CdO has 
been produced on the surface and grain 
boundary of sintered CdS film. 

(1) When sintered CdS films prepared by 
firing in nitrogen gas were heated in oxygen, 
the dark conductivity decreased. Below 300°C 
the degree of decrease was small, and above 
300°C it was large. The dark conductivity 
was produced by thermally excited electrons 
from donors, so that it was thought that the 
concentration of donors was decreased by 
introducing oxygen. It seems that the sulphur 
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(b) 


(d) 
Fig. 12. Electron-micrographs of the surfaces of sintered CdS:Cl:Cu films heat-treated in 
(x 10000) 


(a) Initial state; 
treated at 650°C. 


(c) Heat-treated at 500°C; (d) Heat- 


vacancies were occupied by oxygen atoms so 
that the sulphur vacancies acting as donors 
had vanished. 

(2) When sintered CdS: Cl films were heated 
in oxygen above 400°C, there was observed 
a new peak at 680 my in the spectral response 
curves. By this fact, it was found that an 
optical exciting centers were produced at 
1.8 eV beneath the conduction band by in- 
troduced oxygen. In the case of CdS: Cl: Cu 
films, the peak at 620 my was slightly shifted 
to longer wavelength region, and the peak at 
680 my did not appear. 

(3) The activation energy corresponding to 
the slope of the curve of logarithm of con- 
ductivity plotted against the reciprocal of 
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Kelvin temperature increased with heat-treat- 
ment in oxygen. This fact shows that there 
was a new level below previous levels. 

(4) By heat-treatment in oxygen, the decay 
time of photocurrent decreased, and it seems 
that the concentration of trap decreased. 
This fact supports the interpretation intro- 
duced in (1). 

(5) The trap concentrations estimated by 
measuring thermally stimulated current are 
shown in Table II, where the trap concent- 
ration have decreased with heat-treatment in 
oxygen. When the CdS films were heated 
in oxygen, there resulted two peaks in ther- 
mally stimulated current curves at about 
—150°C and at room temperature, and by 
heat-treatment at 600°C a peak at room 
temperature in thermally stimulated current 
curves vanished. It was thought that there 
were many traps with the trap depth corres- 
ponding to energy of about room temperature 
of thermally stimulated current in the sintered 
CdS films at initial state, and these traps 
vanished by heating at 600°C in oxygen. But 
it is still unknown whether the peak at room 
temperature is produced by sulphur vacancies 
or by other defects. 


Table Il. Concentration of traps. 


Specimen Number of traps/cm? 


CdS: Cl films 


” heat-treatment in 
oxygen at 500°C. 


initial about 5x 1020 


4x 1019 


CdS:Cl:Cu films initial about 4x10!9 
” heat-treatment in 

oxygen at 350°C. 4x10! 

” at 500°C, 2x 1018 

y at 600°C. 1x 108 


(6) CdO was produced on the surface or grain 
boundaries of sintered CdS films by heat- 
treatment in oxygen, and finally the whole 
surfaces of CdS films were convered with 
CdO layers. Then the dark conductivity was 
very large and the photoconductivity was not 
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observed as shown in Fig. 11. When there 
was little CdO in the sintered CdS films, the 
dark conductivity was fairly small, but it: 
was unknown whether or not the _ photo-- 
conductivity of sintered CdS film was influ-- 
enced by these CdO. While the dark con- 
ductivity of evaporated CdO film was higher 
than that of sintered CdS: Cl film, the photo-- 
conductivity of CdO film was very small., 
Therefore, the decreasing phenomena of dark; 
conductivity would be due to the occupation) 
of sulphur vacancies by oxygen atoms, but 
not directly due to CdO grains. 

The mechanism that the introduced oxygea: 
destroyed the sulphur vacancies as donor and 
produced a new exciting center at about 1.3: 
eV below conducting band, will be explained! 
by detailed investigation on single crystals.. 
And also, further experiments on grain 
boundaries will be necessary. 
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Possibility of Supervelocity of Glass Fracture 
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Extrapolating the Glathart-Preston equation for the variation of the 
glass strength with the loading time, it is assumed that, before a fracture 
is caused in soda-lime glass within the order of microseconds, the stress 
applied on it must have attained a value extraordinarily higher than the 
one for usual impacts—the difference in magnitude being nearly one order. 
From this assumption it is suggested that the local compression strain in 
soda-lime glass when subjected to impact by underwater sparks must 
surpass the ordinary linear elastic limit and accordingly that there may 
be a possibility of propagation of this fracture at a velocity higher than 


the normal limit. 


Quite recently it has been reported by the 


writer” that a glass fracture velocity remarka- 
bly higher than the usually accepted limiting 


one was observed when the fracture was 
initiated by underwater disruptive electric 
spark. In this paper are given some discus- 
sions concerning how a fracture in glass can 


propagates at such a supervelocity. 


It has been known for some time that the 


‘rate of loading, as well as the duration of 


loading, has an effect on the breaking 
strength of glass. A statistical consideration 


by Hirata and Terao?) indicates that, when 


loading or the applied stress increases linearly 
with time, the mean stress at the moment 


of fracture, i.e. the breaking strength, may 


increase rapidly with the increasing rate of 
loading. With regard to the effect of the 


, duration of loading, Glathart and Preston” 


proposed the following empirical relation: 
1/f=a+mlogt (18 
where f is the breaking strength, ¢ is the 


- duration of loading, and @ and m are con- 


stants. These two results coincide in sug- 
gesting that a very large value of stress is 
required for producing a fracture within a 
very short time. Therefore, it would not be 
so extravagant to assume a relation as shown 
by the curve in Fig. 1 between the breaking 
strength of glass and the time required for 
starting the fracture. To draw this curve 


‘the values extrapolated from Eq. (1) were 


used as a measure. According to this equa- 
tion the strength at the “threshold time” 
would become infinite, so an ‘ideal strength’ 


supposed as 10kg?/mm? was adopted as a 
substitute for it. 

It is worthy of noticing that in ordinary 
discharge circuits, where the damping con- 
dition is satisfied, the duration of impact by 
underwater sparks is comparable to the 
“threshold time” of all those glasses which. 
were tested wet by Preston and his col- 
laborator. It appears, therefore, not so 
unreasonable to assume a very high rate of 
loading in the case of underwater spark im- 
pact as shown by the line (A) in Fig. 1, so 


vgs 
4 


fused silico” 
used silicy” soda-lime glass 


Stress  (kg/mm*) 


rh . ~ 
fe ose = Se 
Ng Time before eal (sec) 
Fig. 1. Schematic representation of variation of 


the breaking strength of glass with the length 
of time before fracture, and of the increase of 


loading. 


that fracture may be initiated within such a 
short time after the beginning of application 
of stress. On the other hand, the stress-time 
curves of glass under other mechanical im- 
pacts are supposed to be in the hatched area 
on the right side of the line (B). Positive 
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supports for this assumption, however, are 
difficult to find except in the difference of 
impact velocity: while the velocity of rifle 
bullets is usually not more than 800 m/sec, 
the propagation velocity of the pressure wave 
generated by underwater sparks is at least 
twice as large.* 

From these presumptions it may be deduced 
that the breaking strength of soda-lime glass 
when subjected to impact by underwater 
sparks is greater than in the case of impact 
given by other methods by nearly one order 
in magnitude. If Young’s modulus of soda- 
lime glass at room temperature is taken as 
7.2X10?kg/mm?, the percentage strain for 
such a high stress must attain 10% or more. 
‘On the basis of Anderegg’s*) experiment, 
Taylor» assumes that a fracture starts when 
the strongest bond in the atomic network of 
glass is suddenly stretched to 14.5%. So 
long as Hooke’s law holds, it may be con- 
sidered that, in the case of underwater spark 
impact, nearly all the bonds in the region 
of glass subjected to impact must have been 
compressed, or, in the peripheral region 
elongated, to such a limiting extent safely 
before fracturing. It seems unlikely that 
such a rubber-like process can take place in 
glass. As the stress-strain relation of solids 
generally tends to deviate from linearity for 
large strains, it is not so absurd to suppose 
that the effective Young’s modulus of glass 
under the impact of underwater sparks would 
have become considerably larger than the 
one in an ordinary state. Although the stress- 
strain curve is apt to bend downward for 
large strain in the elongation test due to 
plastic deformation, for high-speed compres- 
sion such as underwater spark impact, the 
curve is considered to bend upward because 
of the presence of a high atomic repulsion 
force. This is partly suggested by the results 
of the high pressure experiment made by 
Bridgman, which shows that the compressi- 
bility of matter generally decreases from the 


normal value under a very high hydrostatic 
pressure. 


* As there are some photographic evidences show- 
ing that cracks have started already just before a 
bullet reaches the surface of glass, the initial 
loading rate of a bullet impact may be somewhat 
lowered by the ‘‘cushion’” of the Mach 
accompanying it. 
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From the energy condition during the 
propagation of a Griffith-type crack (whose 
length is 2c) Mott® indicated that the fracture 
velocity ¢ is determined by 

é=(2n/k)2(E/o)3—cole)? , (29 
where 2c, is Griffith’s critical crack size, E 
is Young’s modulus, p is the density, and k 
is a constant. This shows that as c increases 
é tends toward a certain fraction of the sound 
wave velocity (E/p)?. It is no wonder then 
that the limiting value may increase if the 
value of & increases. 


Robert and Wells,” for, in order to determine 


k by solving an integral equation, they as- iy 
sumed a Westergaad condition, which would — 


not be satisfied to a sufficient degree when 


the rate of loading grows to a very high { 


value. 

In other words, with the glass-fracture 
caused by underwater spark impact, the 
strain energy to be released by fracture would 
be more concentrated near the origin of the 
crack than in usual cases, so the higher pro- 
duction of kinetic energy following a higher 
fracture velocity is required to be balanced 
with the rapid decrease of the elastic strain 
energy. 

Various objections against the foregoing 
opinion may be expected. The writer thinks 
it his duty to give answers beforehand to 
some conceivable objections. The first objec- 
tion may be that, “as the water is able to 
lower the activation energy of glass-fracture, 
the difference of the breaking strength illus- 
trated in Fig. 1 may be an over-estimation.” 
It may be true to some extent, but except 
for the glass baked out in vacuum the effect 
of water on the strength of glass is not so 
remarkable as to influence the order of 
magnitude, according to Baker and Preston.® 
The second one is that, “in the experiment 
of Kolsky®) who used stress waves from a 
small charge of explosives to study the frac- 
ture of soda-glass rods, their breaking 
strength was only about twice as great when 
specimens were loaded for a few micro- 
seconds as when loaded for a few seconds.” 
This result was brought out from the obser- 
vation of the circular cracks on the cylindrical 
surface of glass rods, but he remarked that 
no cracks were observed inside the rods, and 


In addition, the coef- — 
ficient (2z/k)? may change, probably increase — 
a little, from the value 0.38 estimated by 


‘yf 1960) 


so he predicted that there might be a very 
high internal strength of soda glass for 
@ loading time of the order of a microsecond. 
It should be this high internal strength that 
makes the region of glass around the origin 
fof fracture capable of bearing such a high 
§ strain energy as fore-mentioned. The third 
one may be that, “if the rate of loading plays 
an important part in the supervelocity of 
@ fracture as the writer asserts, why has it 
@ not been found in the cracking caused by 
§ high explosives?” “Really Pugh and his co- 
} workers’? found by Kerr-cell photography 
i that the glass fracture velocity went as high 
% as 3500 m/sec, but they attributed it to the 
| development of secondary fractures.” This 
| may be true, for the shock wave was so fast 
| (6150 m/sec) and so intense that it maintained 
the ability to develop secondary fractures 
successively in front of the proceeding cracks 
all the way of propagation. However, if 
they had traced each of these secondary 
cracks individually, which, they said, was 
actually impossible with their photographs 
on account of the complete shattering by too 
violent shock waves, a supervelocity would 
have been observed. 

It should be borne in mind that, when a 
comparison is made with the impact by ex- 
plosives, the impact by underwater spark is 
characterized not only by high rate of loading 
but also by short duration of loading. In 
the longer duration of loading the excess 

strain energy to drive a crack would be con- 
tinuously supplied to the specimen for a 
longer period after the initiation of fracture, 
so the local stress field around the tip of 
the proceeding crack would keep a “quasi- 
equilibrium” during such a short time as 
covered by the total frames in high-speed 


Possibility of Supervelocity of Glass Fracture 


2353: 


photography. This may be, in the writer’s. 
opinion, the reason why a gradual decrease 
of fracture velocity has not been found until 
quite recently. On the other hand, the dura- 
tion of underwater spark impact is sufficiently 
short and the stress wave accompanying a 
large strain is attenuated much faster than 
the elastic wave of small amplitude. 

In conclusion of this article it is to be 
remarked that as shown in Fig. 1, the “thresh- 
old time” for fused silica lies at about 0.2% 
sec, so the supervelocity of fracture of fused 
silica would not be observed so distinctly as 
in soda-lime glass, unless any adequate pro- 
cedure to increase the rate of loading, such 
as decreasing the time constant of a discharge 
circuit, is taken. 

The writer is greatly indebted to Prof. 
Moriso Hirata of the University of Tokyo: 
for his helpful suggestions. 
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Spontaneous Magnetization of Magnesium 
Ferrite-Manganite System 


ByZ Kiyoshi MURAMORI and Syohei MIYAHARA 
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In the previous paper!) it has been shown that 
magnetic behaviors of MgMn,O, are consistent with 
the theory of triangular arrangements. In order to 
clarify the magnetic properties of solid solutions of 
MegFe;0,, which is confirmed to be typically ferri- 
magnetic, and MgMn,O,, we measured saturation 
magnetizations of those compounds. 

Specimens measured are powders with the for- 
mula MgFe:—~Mn,O,, where a are values from 0.0 
to 2.0 at intervals of 0.2 and were prepared by the 
same way as MgMn,O, reported previously!). X- 
ray patterns of those specimens at room tempera- 
ture indicate a cubic spinel for a from 0.0 to 1.2, 
two phases of a cubic and a tetragonal spinel for 
a=1.4 and 1.6, and a tetragonal spinel for a=1.8 
and 2.0. The details of the structures of those 
specimens will be published soon. Magnetizations 
were measured by Sucksmith’s ring balance from 
Curie temperatures to liquid nitrogen temperature 
under a magnetic field up to about 13000 oersteds 
which is enough strong to saturate the magnetiza- 
tions of all specimens. 
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Fig. 1. Curves 1 and 2 show experimental and 
theoretical values of magnetic moments (M)) 
and Curve 3 shows fraction of Mg ions located 
on A-sites (#). 
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It has been known that the cation distribution, 
and consequently, the saturation magnetic moment 
of MgFe,O, depends sensitively on the thermal 
treatment of the specimen. Therefore the deter- 
mination of the cation distributions of the series 
were all made for specimens which were cooled 
from 900°C to room temperature at the rate of 
0.5°C/min. The distributions were determined from 
the intensity ratios of (220) and (422) X-ray diffrac- 
tion lines to (400) line, where all manganese ions 
were assumed to be located on B-sites. The frac- 
tions of magnesium ions (a#) located on A-sites are 
plotted in Fig. 1. In the same figure, the magnetic 
moments calculated by Néel’s theory?) from observed 
cation distributions are compared with the observed 
magnetic moments. Observed magnetic moment of 
MgFe,0, agrees with the data by Kriessman et al.?) 
for a specimen quenched from 500°C and is equal 
to the value expected from Néel’s theory). For 
specimens from a=0.0 to about 1.0, observed mag- 
netic moments are in good agreement with the 
values expected from Néel’s theory, where experi- 
mentally determined cation distributions are as- 
summed. Magnetic moments of specimens a>1.0, 
however, are much smaller than those expecied 
from Néel’s theory and decrease with increasing 
manganese compositions. This tendency of magnetic 
moments is the same feature as that of solid solu- 
tions of magnetic ferrites and zinc ferrite obtained 
by Guillaud et al. and Gorter‘). Susceptibility 
measurements are now going on. Details will be 
published shortly. 
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Anisotropy on Poly-Crystalline Sheets 
of V-permendur 


By Chinji KURODA 
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An unusual magnetic anisotrpy of the ferromag- 
netic poly-crystalline sheet material was found. The 
specimens containing Fe 49-5wt. %, Co 48.9wt. % 
and V 1.6 wt. % were prepared by rolling at room 
temperature the sheet of 2mm thickness and punch- 
ing out. Their dimensions were 21mm in diameter 
and 0.35mm in thickness. For the measurement of 
anisotropy, torque magnetometer method was used, 
the principle of which was alike that of Penoyer’s!), 
and torque curves were recorded automatically. 
After verifying that the magnetic qualities for 
technical magnetization were most favorable by 
annealing at 850°C in dry hydrogen atomosphere, 
the measurements of torque curves were performed 
for the specimens which had undergone the same 
heat-treatment. 

Figs. 1 and 2 show the torque curves obtained 
at field strengths from 200o0e to 4400e and from 


B. I a a ee Nn See SIS 


Fig. 1. Torque curves at room temperature ob- 
tained at low magnetic fields. 


i 
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Fig. 2. Torque curves at room temperature ob- 


tained at high magnetic fields. They show the 
decrease of torque amplitude with field strength. 
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500 oe to 9,500 oe respectively. Through that torque 
curves, it is seen that the directions of easy mag- 
netization are at 45° and 135° to the rolling direc- 
(R.D.) and the types of the curves are mostly re- 
presented by 49 term. It is an unusual behavior 
that the torque amplitude has a maximum value at 
about 500 oe as is shown in the Figs. 

The torque curve measured at 9,500 0e could be 
thought to represent the recrystallization structure 
that was obtained by annealing at 850°C. How- 
ever the decrease of torque amplitude with increase 
of field strength in rather low field can not be 
understood by taking in only the recrystallization 
structure, although the torque curves even in such 
low fields obviously has a connection with that 
structure. 

Several authors have reported on torque reversal 
for some single crystals and interpreted it under 
the consideration of the precipitates or inhomogen- 
eous structures distributed cubically.2)»3) S. Chika- 
zumi also mentioned‘) that on the single crystals 
which exhibit magnetic annealing effect the torque 
reversal could occur. 

Since our specimens were the poly-crystal, these 
effects should be smeared out at any field strength. 
Therefore, these interpretations can not be used in 
a straight manner to understand this torque 
decrease. 

At first sight, it seems to be understood by con- 
sidering the preferential distribution of grain 
orientation caused by recrystallization and above 
mentioned mechanisms. But, the directional order 
mechanism!) gives the too much low field strength 
for the maximum torque amplitude. Also, because 
of low V contents and low annealing temperature, 
no preciptitates are expected. And microscopical 
observations did not show any precipitates. Then, 
the precipitation mechanism can not interpret this 
torque decrease too. 

However, if the lattice defects, which were not 
completely annihilated on the recrystallization at 
850°C, formed some ordered structure directionaly 
arranged to the rolling stress direction and each 
crystallite orientations, it may be possible that their 
total shape anisotropy causes this torque decrease. 
The fact that the re-annealing at 850°C after the 
annealing at 1,100°C did not give the torque 
decrease seems to support this mechanism. 

More detailed studied studies will be reported 
later. 
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Anomalous photovoltaic Effect of CdS 
Single Crystals 
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Some researches on the hole conduction!), photo- 
voltaic effect by electron diffusion?) and efficiency 
as a solar converter?) of CdS have recently been 
reported. We have also investigated the photovoltaic 
effect of CdS single crystals, then we report some 
results obtained by another electrode construction. 

CdS single crystals were grown by sublimation 
recrystallization in Nz, atmosphere containing In 
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Fig. 1. Open circuit voltage-light intensity. 


Cu electrode postive 


STignaiter 
light pattern 


Fig. 2. Photo voltage caused by local illumination. 
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vapor and their resistivities were about several Ko 
cm in dark. As shown in Fig. 2., a half side of 
crystal is covered with evaporated layer of Cu and 
after heat-treatment of several minutes at 600°C, 
both ends of the crystal are soldered with in metal. 
Using these cells we obtained open circuit voltage 
of 0.5V (positive for Cu side) and short circuit 
current of about 1mA/cm? under direct sun light. 
It was found, however, that in a low light level 
polarity of photo-induced voltage was changed to 
negative sign for Cu side as shown in Fig. 1. It is 
supposed that this effect may be induced by the 
electron diffusion. In order to verify this hypothesis, 
the photovoltage was measured, scanning a light 
spot on the crystal surface. The measured results 
are shown in Fig. 2. 
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Cu electrode positive 


Temp.. 
Kee se 


-100 3 O 


Fig. 3. Temperature dependency of short circuit 
current. 


From above results, it is concluded that the: 
photovoltage is caused by P-N junction grown near 
the boundary between CdS and Cu layer. But from. 
the results observed by means of weak green and 
red-light spot, the electron diffusion current caused! 
by large gradient of electron densities seems to: 
produce the negative photovoltage?). While, the 
negative photovoltage was neither seen when the 
crystal whose electrodes are In only was illuminated 
partially nor when the other crystal whose half 
side was covered with evaporated Cu layer which 
was not heat-treated at all. It is considered, there-. 
fore, that heat-treated Cu layer plays also a main. 
role upon the electron diffusion. Hence we might: 
be able to conclude that the facts that temperature. 
dependency of short circuit current is so remarkable. 
and at high temperature its polarity is changed as. 
given in Fig. 3, will be explained by the superposi-. 
tion of the above mentioned two phenomena, i.e. 
P-N junction and electron diffusion current. 

Detailed results will be published in near future.. 
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On the Mechanism of Reversible Appearance 
of Residual Magnetization at low 
Temperature Transition 
in aFe.0; 


By Kiiti SIRATORI, Akira TASAKI and Shiichi ItDA 
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University of Tokyo, Tokyo 
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aFe,03 is a parasitic ferromagnet above T)= 
—20°C where the axis of spin lies in the (111) 
plane of the rhombohedral crystal. The weak fer- 
romagnetism disappears below JT; where the spin 
axis changes from in the (111) plane to along [111] 
axis!). It has been found experimentally that the 
weak residual magnetization of aFe,03, which has 
once disappeared by passing through the transition 
point from high temperature, appears again in the 
same direction when the temperature is raised2). The 
intensity, however, decreases in the first cycle to 
about 2/3~1/2, and remains constant for the follow- 
ing repetitions. (Fig. 1) 
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Fig. 1. Residual magnetization of polycrystalline 
aFe,O; at room temperature after cooling-heat- 
ing cycles. 


Now there are three easy spin axes in a basal 
plane above 7~. We put an assumption that in each 
domain, one of the three axes is more preferable 
than the other two, probably due to the presence 
of internal irregularies. Then there exist two 
lowest energy states in each domain, corresponding 
to the two degenerate spin states of a usual anti- 
ferromagnet. This crystal being the canted anti- 
ferromagnet?), the two states have weak magneti- 
zations pointing in antiparallel with each other 
along U, axis perpendicular to the preferred axis. 
It is pointed out, in this paper, that the spin axis 
should rotate reversibly from within the basal plane 
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to along [111] axis in the transition, which results 
in one to one correspondence of the two degenerate 
states before and after the transition or a complete 
recovery of the residual magnetization. 

The assumed expression of the magnetic aniso- 
tropy is 
E= K,cos*¢+ K1/cos9 sin’ sin3¢ — K,,/sin26 sinkd (1) 
where 6 and ¢ are the polar angles of the spin axis 
from [111] and U; axis respectively, and K,>0 
when T>T;. The first two terms are those that 
are considered to be dominant in trigonal crystals 
and have been presented already by Dzyaloshinsky*. 
The third term is added to express the presence of 
the preferred axis. As is known already, Eq. (i) 
gives a deviation of spin axis from (111) plane even 
above Tc, where 6(<n/2) is given by 

cosé/sin30=— | Ky’|/2K, if Ky/<|K,'| 2) 

On lowering the temperature, K,, and @ will 
be decreased continuously. If the condition that 
— Ku>| K1’|/2 (or 6>6,:=45°) is attained, the energy 
of a spin with e=0° becomes lower than that with 
6 of Eq. (2). Further, when —K,>1.18| K,’| /2 or 
(0 >6@2,=34° 16’), the latter becoming unstable, the 
spins may flip to the [111] direction from this region 
(61:>0>62) through wall displacement or rotation. 
On reheating the spins are turned back reversibly 
to the original position, the process of which is 
accompanied with a small hysteresis as has been 
observed by Lin). 

In actual crystals the direction and the value of 
K,,’ will be distributed statistically. But, so long 
as the value of K,,’ is large enough to restrict the 
spin axis in one oq plane, spins will ‘‘remember”’ 
their states and magnetization will appear again 
after a cooling-heating cycle. 

It is very interesting to notice that if it is possible, 
by applying a strong field, to cool down the specimen 
aligning the spins of the entire crystal to a direction 
perpendicular to the magnetic field, the present 
mechanism (if the mutul interaction of the domains 
through strain, antiferromagnetic wall etc. is neg- 


- lected) will results ina zero residual magnetization 


after reheating process. However, the first trial to 
check this point (with a field of 40 KOe) gives. 
negative results. The details will be published 
shortly. 

Note added in proof: This correspondence of 
states will be confirmed by the observation of 
piezomagnetism of aFe,03; below the transition 
point. This experiment is now in preparation. 
The authors wish to thank Mr. T. Inoue for this. 
suggestion. 
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In the course of our study on magnetic properties 
of intermetallic compounds composed of iron group 
transition elements and those of IVb group in the 
periodic table, a variety of magnetic behaviors was 
found in various compounds!)2)3), As to the iron— 
tin system, it was reported by Asanuma?#) that 
y-FeSn (Fei.35Sn) was a ferromagnetic with the 
Curie point of 676°K, and we also found a strong 
ferromagnetism in Fe;Sn:. In this note the anti- 
ferromagnetic behavior found in the compound 
FeSn, is reported. 

As the compound is formed peritectically at 
496°C>), the specimen was prepared by a sintering 
method as in the following: Pieces of electrolytic 
iron (99.9%) and tin (99.999%) were mixed in the 
stoichiometric proportion, sealed in an evacuated 
telex tube, and after prefired by an electric furnace 
at 460°C for 3 days, the product was crushed into 
powder. The powder thus obtained was heated 
again at 460°C and the above procedure was re- 
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peated for several times, until the finish of the 
peritectic reaction was ascertained by X-ray diffrac- 
tion. 

In the X-ray diagram of the specimen used for 
the magnetic measurements, no diffraction lines 
were found which come from tin, iron, or any other 
compounds in the system than FeSn;. The diffrac- 
tion lines could be indexed as a tetragonal structure 
with lattice constants a=6.50.A, e=5.31,A, and 
c/a=0.816, and the relative intensities of these lines 
were in good agreement with those reported by 
Nowotny and Schubert®), who determined that the 
compound FeSn, has a body centered tetragonal, 
C16 type of structure. 

The temperature dependence of the magnetic 
susceptibility was measured by a magnetic balance 
of torsion type from the room temperature up to 
460°C with a field of 7.5 kilo-oersteds. The results 
are shown in Fig. 1. Here the reciprocals of the 
magnetic susceptibility are plotted against tempera- 
ture. It is seen that the behavior is antiferroma- 
gnetic, and the temperature corresponding to the 
minimum of the curve, 380°K, may be considered 
as the antiferromagnetic Néel point. The Curie- 
Weiss law holds very well at temperatures above 
500°K. The effective magnetic moment per iron is 
calculated from the Curie constant to be 3.36 uz 
and the asymptotic Curie temperature is estimated 
to be —230°K. 

Among the intermetallic compounds between iron 
group transition elements and those of IVb group, 
MnSn;, FeGez, and CoSn:, as well as FeSng, are 
known to have the C16 type of structure. In recent 
magnetic measurements on the compounds of above 
series, we found that MnSn,?), like as the present 
compound FeSng, was antiferromagnetic, and FeGe,?) 
was parasitic ferromagnetic, while CoSn, was weak- 
ly paramagnetic. When the temperature was in- 
creased from the room temperature to 750°K, the 
magnetic susceptibility of CoSn, increased monoto- 
nically from 1.5x10-7 to 3.5x10-*%. Though the 
origin of this increase is uncertain at present, it 
would not be ascribed to antiferromagnetism. 
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Thermoelectric Power of Titanium- and 
Vanadium-Carbides 


By Seiichiro NOGUCHI and Takao SaTo 
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A number of investigations have been made for 
the metallic carbides and nitrides with the sodium 
-chrolide structure and the nature of their bond- 
ing has been discussed!).2) in conjunction with 
their properties such as hardness and melting 
point, etc. The metallic carbides such as TiC and 
VC are of great interest since they have appreci- 
ably higher melting point and hardness than their 
constituent metals. These properties suggest that 
the compounds have stronger bonding and the na- 
ture of the principal bonding is the homopolar 
bond. Although the metal atoms and carbon atoms 
in these substances may be considered to bind each 
other in homopolar sense, they are present as con- 
siderably good electric conductors. 

To reveal the nature of the conduction in these 
compounds, we must obtain further informations 
on the electrical properties of them. The Hall 
coefficients of TiC and VC have been measured by 
‘Tsuchida and Takagi3), who have shown that the 
numbers of the conduction electrons are 0.18 and 
1.21 for TiC and VC, respectively, using the near- 
hy free electron approximation. It is much interest- 
ed that the difference between these numbers is 
almost unity. The number of outer electrons of 
titanium is four while that of vanadium is five. 
If all the outer electrons of the metal atoms con- 
tribute the bonding, the melting point of VC should 
be higher than that of TiC. In the fact, however, 
VC has rather lower melting point than TiC. This 
indicates that the numbers of the electrons contri- 
buting to the bonding may be slightly less in VC 
than in TiC. Assuming that the number of the 
electrons contributing to the bonding is nearly the 
same in both substances, we may expect that the 
number of conduction electrons of VC is more than 
that of TiC by almost unity per metal atom. The 
numbers of the conduction electrons supposed by 
their melting points are in good agreement with 
those obtained by the Hall measurements. To 
obtain further informations of the conduction 
electrons in these compounds, we made _ the 
measurement of the thermoelectric power of them 
at room temperature and at liquid nitrogen tem- 
perature. The data shown in Table I were analyz- 
ed with the assumption that the conduction 
electrons are nearly free. Then we may write the 
absolute thermoelectric power as 
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Table I. 
S (nV/deg) 
Ee |) Clay 
R.T. | Lig. N, 
TiC = 10,81 | a 2.02 
VC = Gh | +0.34 5.31 
S=—(rk2 Te) , Gis) 


where ¢ is Fermi energy, the other symbols have 
their usual meanings. 

The Fermi energy can be derived from the ab- 
solute thermoelectric power at room temperature. 
Employing the values of these Fermi energies and 
the condition that VC has one more electron than 
TiC per metal atom, we can obtain the following 
relations in the nearly free assumption; 


*)3/2(2. 
-— ingpen 

h 0 (2) 
(2am *)3/2 (75.31 
cc a E‘?*dB=14+2. 

0 


The numbers of the conduction electrons are easily 
obtained from above relations and they are 0.31 
per titanium atom for TiC and 1.31 per vanadium 
atom for VC. Although our assumption is very 
simple, the agreement between the numbers of the 
electrons reduced by the present experiment and 
those by the Hall measurements is wonderfully 
good. The results therefore will be considered 
that the assumption used here is rather good one 
for these systems, namely it will be said that the 
behavior of their conduction electrons is nealy 
free. The effective mass of the electron is obtain- 
ed to be 0.78m from the relation between the 
provisional state density and the energy, where m 
is the mass of free electron. 

Recently, the band-model approximation cf the 
metallic carbides with NaCl structure has been 
proposed by Bilz.*) In his model, the Fermi ener- 
gies are shown as about 3eV for TiC and 5.5eV 
for VC. The values of the Fermi energy obtained 
from our measurements are in good agreement 
with the values estimated by Bilz. 

The authors wish to express their sincere thanks 
to Prof. Takagi and Mr. Tsuchida for their kind 


offer of the specimens. 
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Indirect Transition in Narrow Junction 
of Ge-Si Alloy 


By Kei-ichi ANDO 
Semiconductor Department, Research Section, 
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(Received Sept. 28, 1960) 


This concerns only Si rich Ge-Si alloys. The 
impurity that is doped is phosphorus (~10!® cm~%). 
Al-b (B:2 3%) was used as p-type dot of alloying 
and made abrupt p-n junctions by alloying. 
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Contents of Ge in Ge-Si were determined by X- 
ray in measuring of lattice constant. 

Voltage-current characteristic of the diode was 
measured in room temperature, in liquid nitrogen, 
and in liquid helium. Details of the characteristics 
in helium are shown in Fig. 1. The cusps were 
found only in liquid helium. These cusps repre- 
sent the energies of phonons that help indirect 
transition in conserving momentum during the tun- 
neling, but in low temperature, electron cannot ab- 
sorb phonons as the lattice vibrations do not pro- 
duce such phonons. 

Results of the measurement on the various con- 
tent of Ge-Si are given in Table. 


je 324 M 
Contents of Ge in Si = eres Eure’ sional livia 4 

% (atomic) TA | O (O+TA) (O+0) 
0 | 3.87 13.35 20.10 | 28.80 
Soaks, | 4.10 168}83 19.3 24.2 27.8 
4.13 Le Ae88 13.3 16.6 19.0 24.6 
5.44 | 4,83 13.0 19.1 23.2 29.0 
9.1 4.35 13.3 18.4 24.2 29.5 

Mc/sec was used to facilitate a contrast with the 
spectrum of lattice vibration.1) The data of Si m? 


were measured by Esaki-Miyahara and Holonyak 
et al.2) Optical researches of Si were also per- 
formed by Macfarlane et al and Hayne et al.?) 

Energy of TA does not gradually decrease but 
makes maximum in 4-5% Ge. O is almost the 
same, (TA+O) decreases and (O+O) increases in 
the region of this measurement. According to the 
calculation of Braunstein et al,+) Hamiltonian of 
lattice vibration of Ge-Si is 
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Energy of phonons decrease as Si goes to Ge. 
But in this measurement, the energy of phonons 
are not so. 

As this measurement covers only a small region 
of Ge in Ge-Si, it is impossible to infer the 
mechanism and the structure of band. But in Si 
side of Ge-Si, it is necessary to consider that the 
conduction minimum of Si moves toward the 
minimum of Ge in the direction of [100], and where 
the minimum of Ge is. 

Besides four cusps, more cusps have been found, 
which are not possibe to imply now. 

The author would like to thank the members of 
Electrotechnical Lab. and Mr. Hoshi in Sony Corp. 
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Rudorff and Kandler!) have briefly mentioned 
‘that NaNiF; was ferromagnetic at liquid nitrogen 
temperature. In this note some characteristics of 
‘the so-called weak ferromagnetism found in Na 
-NiF3; will be reported. 

The crystal structure of NaNiF; has been deter- 
‘mined by X-ray to be orthorhombic. The lattice 
-constants at 295°K are: a=5.361A, b=5.524A, and 
.c=7.688A. The most probable space group is 
Dsy16-Pbnm. The magnetization of polycrystalline 
NaNiF3; measured from 77°K to 300°K has a field- 
dependence expressed as o=0)+yH below about 
150°K. The magnetic torques, L, of a NaNiF; 
single crystal in the planes containing the c-axis 
have an angular dependence of L=+0,Hsin 6, be- 
low 149°K. Near the direction perpendicular to 
‘the c-axis, the torque was extremely unstable and 
-suddenly changed its sign. Typical torque curves 
in the b-c plane at 77°K are shown in Fig. 1. In 
the a-c plane torque curves deviated somewhat 
from the sing curve. In the plane perpendicular 
to the c-axis a torque of two-fold symmetry, the 
-amplitude of which is nearly proportional to H2, 
was observed and is shown in Fig. 2. It is con- 
-cluded from the torque measurement that the 
spontaneous magnetization, oo, appears in the c- 
-direction and it is not rotated toward the b-direc- 
tion but rotated in some degree toward the a- 
‘direction by an applied magnetic field of up to 
10kOe.. The o) determined from the torque in 
the b-c plane is plotted against temperature in 
Fig. 3. It disappears above a cirtical temperature 
T,=149°K. At 77°K oo is 0.058 uz per molecule 
of NaNiF3. It is only about 3% of the spin magne- 
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tic moment of a Ni?+ ion. 

Some rare earth orthoferrites show a similar 
torque behavior?), and Bozorth?) has discussed a 
relation among their spin structure, spin direction, 
and direction of spontaneous magnetization from 
the symmetry consideration which was first point- 
ed out by Dzyaloshinsky*). His argument can be 
applied to NaNiF; crystal which has the same 
crystal symmetry. NaNiF; has probably a G-type 
spin structure’) and is believed to be a canted 
antiferromagnet in which the spins of Ni2*+ ions 
are approximately directed along the a-axis and 
slightly incline toward the c-axis. 

A rapid increase of the anisotropy of paramagne- 
tic susceptibility, which is characteristic of a weak 
ferromagnet’), has also been observed near Ty. 
Details will be published elsewhere. 
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Anomalous Temperature Dependence of 
Lattice Constant of Cr O: 


By Kiiti SIRATORI and Shuichi IIDA 
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Previously, we studied the crystallographic and 
magnetic properties of Mn,Cri_,O2, system, and 
reported that the Vegard’s law is not satisfied in 
this system!). All the specimens crystallize in rutile 
type tetragonal structure, but ¢ vs. % curve shows 
two anomalies. In order to study the reason of 
these anomalies, temperature dependence of the 
lattice constants were measured. 

The specimens used were the same as had been 
in the previous study. Variation of the X-ray 
diffraction angles of (211) and (220) lines was ob- 
served at several temperatures with a counter type 
spectrometer and with Cu Ka radiation. Relative 
accuracy of the measurement is about +0.002A for 
both aand c. The temperature dependence of a, ¢ 
and %j/a2¢ for CrO; and Mno.o5Cro,9;02 are shown 
in Fig. 1. As is shown, ¢ has a maximum at about 
0°C, which becomes broad when Mn is added, 
whereas the unit cell volume varies almost linearly 
with temperature. It seems that this phenomenon 
is independent of the magnetic transition, since 
there is no anomaly at the Curie temperature 
(124°C). It has been confirmed that all the speci- 
mens with «<0.17 have negative temperature coef- 
ficient of ¢ in the temperature range of 0°<7T< 
200°C. 

It will be very probable that these anomalous 
variation of ¢ will cease at a certain temperature, 
T;, above 200°C, and will show a normal linear 
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increase with temperature above this point. There- 
fore, it is concluded that there is a certain structural 
transition in the temperature range 0°< 7<T;. The 
authors are now inclined to believe that this transitiom 
is a Jahn-Teller distortion of (3d)? orbitals of Cr4*~ 
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It is well known that many magnetic oxides have 
a crystal distortion that cannot be expected merely 
from the symmetry of the crystal and is accounted 
for well by the Jahn-Teller effect of the magnetic 
ions participated?). There are also some oxides 
as CuO, CrF; and CrChk, that have a crystal 
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structure with no distortion apparently, but the 
legand anions construct a distorted octahedron and 
the distortion of which can be most reasonably ex- 
plained by the Jahn-Teller effect of the cations at 
the center). However, few is known on the effect 
of the cations with degenerated de orbitals (x orbitals) 
only. It is considered that the order of magnitude 
in this case will not be so small compared with 
those of the typical degenerated dj orbitals (o orbi- 
tals).* But care should be taken in this case (1) 
to the presence of spin-orbit coupling interaction 
of the de electrons (this term is not active in the 
case of dy orbitals) and (2) to the admixture of the 
state (de! dy!) through interelectronic Coulomb in- 
teraction. 

In relation to these argument, the shape of the 
oxygen octahedron around Cr‘+ jon becomes im- 
portant. From the intensity measurements of (111) 
and (210) reflection, parameter u is determined to 
be 0.294+0.005 for CrO, and 0.298+0.005 for Mn 
O, at room temperature (temperature factor is 
neglected). Parameters of the oxygen octahedron 
calculated from these values are shown in Table I. 

However, the study is in an initial stage at 
present and no decisive answer is given whether 
this crystal is strictly rutile type or not. Detailed 
report will be presented in the near future. 

Thanks are due to Mr. T. Inoue for his helpful 
suggestion and discussions. 
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A Note on Date’s Paper ‘‘ Magneto-plasma 
Resonance in Semiconductors (I) ”’ 


By Kazuo YAMAGATA 


The Research Institute for Iron, Steel and Other 
Metals, Tohoku University, Sendai 


(Received October 5, 1960) 


A theory of magneto-plasma resonance in semicon- 
ductors was developed by Date in his paper entitled 
“ Magneto-plasma Resonance in Semiconductors (I) ” 
which appeared in this journal!). It may be said 
that the treatment can be justified under the as- 
sumptions that the specimen is spherical and that 
the energy surfaces of the semiconductors are 
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spherical. In his paper the author stated that the 
theory can be applicable to the usual semiconductors 
such as silicon and germanium. It must, however, 
be noticed that the energy surfaces of the usual 
semiconductors are not spherical but highly aniso- 
tropic except a few ones such as indium antimonide. 

From the physical point of view, there are three 
difference effective masses, conductivity or plasma, 
magneto-plasma and cyclotron mass. It seems apart 
from reality to assume that the three masses can 
be represented by one mass parameter even in the 
case that the parameter may depend on the directions 
of the static magnetic field and the oscillating electric 
field. For the purpose of clarifying these ambiguities, 
we performed calculations on the case of spherical 
specimen of semiconductors with one type of carriers 
with anisotropic effective mass. 

All the reports preceding the above mentioned 
one are developed for the case of spherical energy 
surfaces?). We must, therefore, start from the 
fundamental equation of the electron transport 
eS The starting equation is 


f {Met} = QEG)—L- PO)}+-* 
—Y{M-r(d)}, 


where W&M is the mass tensor with principal values m,, 
Mz and m3, y=1/c is the relaxation frequency. In 
the case that the oscillating electric field is parallel 
to the x-direction and the static external magnetic 
field to the z-direction, one of the diagonal elements 
of couductivity tensor is 

N@ | 1 


Cee 


mi : 
(de! ee. an 


where w1/=0—(w),/o) with w1p=(Li Ng?/m)'/2, oS 
w—(w,,/0) with wep=(LiNg?/m2)/? and we=(qH/c) 
(m1 M2) 1/2, 

The above result shows that three types of effective 
mass must be introduced. That is to say m1, (m1 
m2)'/2 and mz. It is not much accidental to meet 
with the anisotropy with the factor of 20, and in 
such a case we have three effective masses with the 
ratio of land 4.5 to 20. This is the consequence of 
the fact that the motion of carriers in the magneto- 
plasma resonance consists of longitudinal plasma 
motion, transeverse plasma motion and cyclotron 
motion. In the cases that the energy surfaces are 
many valley type, that the sample is not a sphere 
and that the magnetic field are not parallel to the 
principal axes, the calculation may be somewhat 
laborious. The principal features of the above 
result may not, however, be altered. 


{v(t)x H} 
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Optical Bleaching of Gamma-Irradiated 
KCl at Room Temperature 


By Noriaki Iron and Tokuo SUITA 


Department of Nuclear Engineering, College 
of Engineering, Osaka University 


(Received September 8, 1960) 


It has been already shown!) that a part of F 
centers formed by ionizing particles bleaches quickly 
by F light illumination, whereas the remaining part 
bleaches at a considerably slower rate. In order to 
clarify such two step bleaching, we investigated 
the effects of bleaching temperature and _ initial 
concentration of F centers on the bleaching pheno- 
mena in gamma-irradiated KCl. 

The specimens were obtained from the ingot 
purchased from Harshaw Chemical Co. In order 
to obtain uniform coloration, the specimens were 
gamma-irradiated in the Co cave of JAERI (Japan 
Atomic Energy Research Institute). The optical 
absorption was measured with Cary Spectrophoto- 
meter, and F light illumination was done by the 
spectrometer with 3mm slit width. 

From the bleaching curves at 18°C and at —25’C 
for gamma-irradiated specimens at various dosage 
the concentration N, of quickly bleaching F center 
was obtained. Fig. 1 shows the dependence of Nga 
on the gamma ray dose for the two bleaching 
temperatures. When the gamma-ray dose is lower 
than 3x10%r, there is no difference in Ng for the 
two bleaching temperatures. This difference, how- 
ever, increases with increasing gamma ray dose, 
accompanied with the increasing rate of formation 
of complex centers such as M, Rj, and R; centers. 
The dependence of the ratio of Ny at —25°C to 
the initial concentration Nr of F centers on the 
gamma ray dose is also shown in Fig. 1. 

Qualitatively, the difference between Ny at two 
bleaching temperatures may correspond to the 
formation of complex centers. This seems to be 
supported by the fact that this difference is nearly 
proportional to the initial rate of M center for- 
mation, which will be a measure of complex center 


xid® 
a Ne 


Concentration( per cc) 
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formation by F light bleaching. (In the early stage 
of bleaching, the growth rate of R centers is much 
smaller than that of M centers). It is also interest- 
ing that the difference is proportional to the initial 
concentration of F centers. 

The above results seem to show that the quickly 
bleaching component of F centers at room tempera- 
ture is composed of two parts; one which is related 
to the complex center formation, increases with the 
bleaching temperature;3) the other is independent 
of the bleaching temperature. The latter may be 
due to recombination of electrons with positive 
holes at some hole trapping centers which have 
larger cross section for electron trapping than those 
which correspond to more stable F centers. It 
should be noted that the relation between the latter 
part and the gamma ray dose shows a saturation 
curve on a linear scale and its saturation value is 
nearly 1018/cc. 

The bleaching curve at —25°C which does not 
include the effect of complex center formation shows 
that F centers formed by gamma-irradiation have 
two different kinds of bleaching characteristic. As 
clearly seen from the (N,/Nr)-dose curve in Fig. 1, 
in the early stage of irradiation only quickly bleach- 
ing F centers are formed, while with increasing 
irradiation dose the concentration of this type of F 
centers saturates and stable F centers increase. 

It has been reported by several authors that F 
centers formed by ionizing radiation have two parts, 
by studying the formation curve of F centers‘) and 
that the first part which is dependent on impurities 
and increases with higher rate saturates nearly at 
the value of 10!6/cc, in Harshaw KCl. Combining 
with the present results it seems possible to 
conclude that F centers formed in the first stage 
bleach at much higher rate by F light illumination. 
The formation mechanism of F centers in the early 
stage seems to be different from that in the later 
stage, which may cause the differences in the 
trapping states of positive holes recombining with 
electrons from F centers. In order to clarify the 
formation mechanism in each stage further experi- 
ments should be done. 

Most parts of the present work were done while 
the one of the authors was in the course of Nuclear 
Engineering School of JAERI. The authors would 
like to express their gratitude to Prof. Y. Takagi 
and Dr. K. Kubo for their valuable discussions. 
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The Energy Spectra of Secondary Electrons 
in Various Materials Irradiated by Gamma 
Rays from °Co and '°"Cs 


By Nobuo ODA 


Department of Physics, Rikkyo (St. Paul’s) 
University, Tokyo 


and Hirosi SUZUKI 


Institute for Physics, College of General 
Education, Tokyo University, Tokyo 


(Received September 16, 1960) 


A knowledge of the energy distribution of the 
electrons traveling past a point in the medium under 
irradiation of X- or y-rays is necessary for a com- 
plete understanding of the physical, chemical, and 
biological processes which occur during irradiation. 
It can be shown that the electron flux spectrum, 
n(£'), within a medium having a stopping power 
S(#) is, under the equilibrium conditions and with 
the effect of d-ray neglected, 


max 


nu b)=—— N( Ei )d Ei; 


1 7 : 
say oo) 
where N(E;) is the number of electrons set in 
motion with the initial energy H; per energy interval 
per cubic centimeter of medium absorbing the 
quantum radiation and called the initial distribution. 

Hayward!) measured the initial distribution in 
water for non-collimated °Co ;-rays with a scintilla- 
tion spectrometer. The same quantity was also 
measured for collimated ®Co ;-rays with a similar 
apparatus by Bruce and Johns?) and the electron 
flux spectrum was derived with use of the equation 
(1). Using a magnetic beta spectrometer, Aglintsev 
et al3) measured directly the energy spectra of 
secondary electrons knocked out from plexiglas, 
copper, and lead irradiated by ®Co and 1°7Cs j;-rays. 

We have tried to measure the secondary electron 
flux spectra for ®°Co and 137Cs ;-rays with a scintilla- 
tion spectrometer. The target materials used are 
plastic (polyethylene), aluminum, copper, and lead. 

The experimental arrangements are as follows: 
an about 8mc Co or 10 mc 1%7Cs source was held 
on a plastic support behind a 10cm long, 3mm 
diameter lead collimator. The gamma-ray beam 
leaving the collimator passed through three 2mm 
thick aluminum diaphragms of adequate diameters 
which were provided to prevent the secondary 
electrons ejected from the inner surface of the 
collimator from reaching the detector, and then 
was incident normally on the target disk. The 
thicknesses of the target materials were 400 
mg/cm? for ®Co source and 200mg/cm? for !87Cs 
source respectively. These thicknesses are large 
enough to give the secondary electron equilibrium 
condition in these targets. The plastic scintillator 
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of 5mm thickness mounted on a lucite light pipe 
which was optically coupled to the face of a EMI 
6097 photomultiplier tube was placed in contact with 
the back surface of the target disk. The scintillator 
was covered with an aluminum foil light reflector 
of about 1mg/cm? thickness. The pulse-height 
distribution from the detector was measured with 
a linear amplifier and a single channel differential 
analyzer. The linearity and zero of the discrimina- 
tion level of the analyzer were checked with a 
mercury-relay pulse generator. The resolution and 
the factor relating pulse-height to energy of the 
instrument were determined from the internal con- 
version line of 187™Ba (625 Kev). The peak resuit- 
ing from the internal conversion line was appeared 
as a Gaussian distribution with a half-width of about 
100 Kev. 

In this arrangement, however, it is inevitable that 
the detector system is exposed to primary ;-rays. 
Consequently, in order to obtain the spectrum of 
secondary electrons which enter into the scintillator 
from the target, it is necessary to subtract from 
the pulse-height spectrum directly obtained the part 
due to the Compton recoil electrons produced in the 
scintillator-light pipe system by the primary ;-rays. 

The energy spectra of secondary electrons released 
from the various target materials were thus obtained 
by subtraction of the pulse-height spectra measured 
without target disks from those measured with 
target disks. In order to prevent the gain drifts 
to introduce a noticeable error in the subtractions, 
the pulse-height distribution measurements with and 
without target and the pulse-height calibration with 
the coversion line of !87™Ba were performed in a 
cyclic fashion. Three to five times of these cycles 
were performed per each target. 
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Fig. 1. Energy spectra of secondary electron flux 

for gamma rays of ®Co (a) and 137Cs (b) sources: 

(A) polyethylene; (B) aluminum; (C) copper; 
(D) lead. 


The results for Co and 187Cs ;-rays are shown 
in Figs. 1(a) and (b), respectively. These spectra 
are the ones for electrons traveling into the forward 
hemisphere past a point in the medium and do not 
contain the ones for the backward direction. The 
backward part may be appreciable for the medium 
with a higher atomic number such as lead. 
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Electroluminescence of CdS Single Crystal 
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Research Laboratory, Mitsubishi Electric 
Mfg. Co, Ltd. Amagasaki, Japan 
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The electroluminescence of CdS Single Crystals, 
containing carrier injection type, have been reported 
by G. Diemer!) and R. W. Smith?), Here we des- 
cribe our new experimental results and some inter- 
pretations about the above phenomena. 

Samples of crystals have flaky forms of about 
7mm in length, 2mm in width and 0.4 mm in thick- 
ness. These crystals are thought to be very pure 
and show high resistances above 10!°9 under illumi- 
nation of 10001x froma tungsten lamp. Electrodes 
are In which are soldered on both ends in length 
of the crystal and d.c. voltage is applied between 
these electrodes through a suitable series resistance 
at room temperature. 

As increasing applied voltage on the sample and 
increasing current through the sample, yellow, 
green and orange spots appear on and near the 
anode electrode as the same manner of luminescence 
observed by Diemer!) and Smith2). 

When the current intensity exceeds a few hund- 
reds of »A, clear green curtains begin to appear 
(Fig. 1). They stretch towards the cathode from 
preceding green or yellow spots and their lengths 


Green,Yellaw or Orange Spots 


Green Curtain 


Fig. 1. Microscopic photograph of electrolumi- 
nescence of CdS Single Crystal. Due to the 
long exposure time green curtains are over- 
lapped together. 
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are about1 mm. ‘Throughout the observation green 
curtain sways to right and left, spreading or con- 
tracting in parallel to the field. By more detailed 
inspections it becomes clear that the green curtain 
consists of many stripes perpendicular to the field 
and the stripes flow into the end of the curtain. 
Rates of the fluctuations of these green curtains are 
seemed to be as slow as about several cycles per 
sec., and consequently it is supposed that the fluctu- 
ation is caused by the change of internal space 
charge related to the hole injection. 

Increasing current up to about 1mA, red lumi- 
nescence appears and breakdown occurs in the 
crystal. After that the resistance of crystal is seen 
to be about a few hundreds of kilo-ohms. In this 
state wherefore it may be considered that the 
interior construction of the crystal has been changed 
by oxidation or thermal dissociation. 

As the results of studying the spectral distribution 
of emitted light, it has become clear that the green 
emission has a very narrow band at about 5300 A 
and the orange emission has a broad band whose 
maximum lying at about 6000 A. It is considered 
that the yellow emission is composed of mixing 
green and orange emission. Measuring the bright- 
ness of luminescences through optical filters of 
5300 A or 6000 A, we find out that they have not 
linear but rather sublinear characteristics against 
the value of current, therefore it is concluded that 
the recombination producing green and orange 
emission is not monomolecular such as exciton 
decay but rather bimolecular mechanism. The 
orange emission is caused perhaps by the recombi- 
nation of electron with hole through an impurity 
center or a Cd vacancy but further detail can not 
be yet explained. 

We are considering that the green luminescence 
is due to the recombination of shallow trapped 
electron with free hole, both of them are injected 
from electrodes of opposite signs respectively and 
that the depth of the electron trap related to the 
radiative recombination producing the green lumi- 
nescence is about one tenth of eV from the bottom 
of conduction band. 
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X-ray Study of Lattice Defects in Si Single 
Crystals by Transmission Berg- 
Barrett Technique* 
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The Berg-Barrett technique, which has been used 
for taking X-ray diffraction micrographs in reflec- 
tion, is possible to be extended to take micro- 
graphs in transmission. With this technique, 
which might be called the transmission Berg- 
Barrett technique, lattice defects in thin specimens 
of Si single crystals were studied.** In compari- 
son with the Lang technique,?) no special apparatus 
is necessary, the exposure time is much shorter 
and, although resolution is poorer, individual dis- 
locations can be resolved in favourable cases. 

Experimental arrangement (Fig. 1) is the same 
in principle as those used by some other investiga- 
tors,*),5).6) but extinction effect instead of abnormal 
transmission is utilized to obtain the image con- 
trast. Accordingly the specimen must be suffici- 
ently thin. A Mo tube of ordinary focal size 
(Philips) was used. Instrumental resolution’) due 
to apparent focal width and dispersion between 


Source , 
(apparent size 12x0,lmm) 


Fig. 1. Schematic diagram of the transmission 
Berg-Barrett technique. 


lmm 


Fig. 2. Individual dislocations in a Si single 


crystal. (220) reflection. 

* This was reported at the Annual Meeting of 
Physical Society of Japan (April, 1960). 

** This possibility was suggested by Newkirk." 
Independently of us, Webb?) used also this techni- 
que to study dislocations in whiskers of NaCl. 
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———————4 


1mm 


Fig. 3. Lattice defects in the neighbourhood of 
a twin boundary of a Si single crystal. (111) 
reflection. The twin boundary lies at the line 1. 
Two photographs are connected at the line 2. 


Ka, and Kaz is roughly estimated to be of order 
of 10 microns in both directions perpendicular and 
parallel to the incident plane for low index reflec- 
tion of the symmetrical Laue case. 

Fig. 2 shows a (220) reflection photograph from 
a slice (0.28mm thick) of Si single crystal, the 
surface of which is normal to the growth axis 
[111]. Individual dislocation lines are resolved. 
The width of each dislocation line image is about 
20 microns, being about twice as large as the 
estimated value. 

Fig. 3 shows a (111) reflection photograph from the 
neighbourhood of a twin boundary (111), which is 
normal to the growth axis. The specimen (0.5mm 
thick) was cut normal to the twin plane. To ob- 
tain a good contrast of the image, it is desirable 
to take the photograph from small area of the 
specimen, in order to suppress the background due 
to continuous X-rays. For this reason, two photo- 
graphs were successively taken and connected to 
each other. It is to be noted that there are many 
streaks and a few bands besides dislocation lines at 
only one side of the twin boundary. These streaks 
and bands seem to be attributed to lattice defects 
such as stacking faults. A further study will be 


soon reported. 
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“‘Energy Analysis of Electron Diffraction 
Patterns ”’ 
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The energy analysis of electron diffraction pat- 
terns was carried out by Leonhard!) and the present 
author?) using Mollenstedt type velocity analysers?). 
However, the diffraction patterns analysed by them 
were selected area diffraction patterns which are 
not so suitable for the intensity measurement as 
ordinary diffraction patterns. A selected area 
diffraction pattern does not exactly correspond to 
the area defined by the selector aperture, as pointed 
out by Agar‘). Therefore, in order to study the 
exact intensity distribution of energy spectrum the 
analysis of ordinary diffraction pattern is required. 
The present note describes a new experimental 
arrangement which meets the above requirement 
and some preliminary results obtained by it. 

The electron optical system is shown in Fig. 1. 
Both transmission and reflection patterns can be 


analysed. A focusing lens and a reducing lens 
focusing 
lens ae 
specimen 
reducing 
lens 
slit 
analyser 
lens 
screen a 
u 
5 
4 
fo 
(a) (c) © energy loss 
Fig. 1. (a) Schematic diagram of the electron 


optical system. (b) 
fine slit plane. (c) 
the final screen. 


Diffraction pattern on the 
Energy loss spectrum on 
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(Fig. 1) project the reduced diffraction pattern on 
a plane with a fine slit, and then the part of the 
projected pattern passing through the fine slit is 
analysed by the analyser lens. The pattern on the 
plane of the fine slit and energy loss spectrum 
obtained in the analysis are shown schematically in 
(b) and (c) of Fig. 1. In this analyser the angular 
deviation due to the energy loss of 1 ev is about 
10-4 radians, and the scattering angle in which we 
are interested is between 10-3 and 10~! radians. 
By the reducing lens the scattering angle is reduced 
to the order of angular deviation due to energy loss. 

The energy analysis was carried out with the 
following specimens: (a) single crystals of moly- 
bdenite (tr), Ge, CdS and Si (re), (b) smoke particles 
of ZnO and MgO (tr), (c) evaporated metals of Al 
and Au (tr). Here (tr) and (re) mean transmission 
and reflection observation, respectively. 


loss 


Fig. 2. Energy loss spectrum of reflection dif- 
fraction pattern from CdS single crystal. 

Fig. 3. Energy loss spectrum of transmission 
diffraction pattern from ZnO smoke particles. 


Some examples are shown in Figs. 2 and 3. The 
accerelating voltage is 30kv, and the diameter of 
the electron beam on the specimen is about 0.1mm¢. 
Summerizing the experimental result the following 
conclusions are drawn regarding electron scattering 
phenomena in crystals: 

(a) In single crystals the inelastic scattering occurs 
mainly in the directions of diffracted beam as will 
as in the direction of the incident. The elastic 
diffuse scattering, i.e. the scattering with no de- 
tectable energy loss and in the directions satisfying 
no Bragg condition, does not occur strongly. These 
results are independent of transmission or reflection, 
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(b) In smoke particles, on the contrary, the most 
portion of the inelastic scattering occurs only in 
the direction of the incident. The elastic diffuse 
scattering occurs remarkably.* 

{c) In evaporated metals, the inelastic scattering 
occurs in the same way as in case (a). The elastic 


diffuse scattering occurs remarkably, too.* 

The author wishes to thank Professors R. Uyeda, 
S. Takagi, K. Kohra and Mr. F. Fujimoto for their 
helpful discussions on the experimental results. 
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The Dipole Moment and End-to-end Length of the Isotactic Vinyl Polymer 
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